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ABSTRACT
Acetyl-CoA, an essential metabolite at the junction of various anabolic and
catabolic pathways, is generated both from the breakdown of carbohydrates, lipids, and
amino acids, and from the activation of acetate. AMP-forming acetyl-CoA synthetase, a
key enzyme for acetate activation into acetyl-CoA in all domains of life, is a member of
the adenylate-forming enzyme superfamily. Although members in the superfamily have
different biological functions, they all share the property of forming an acyl-adenylate
intermediate. Here I describe my research on characterization of a medium-chain acylCoA synthetase from Methanosarcina acetivorans (MacsMa) and identification of key
residues in acyl substrate and CoA binding and catalysis. Additionally, this dissertation
reports the characterization of Acs4 from Methanosaeta concilii (Acs4Msc) and further
investigation of the role of a highly conserved Trp residue in Acs.
MacsMa was biochemically characterized to catalyze the acyl-CoA synthesis with
preference for 2-methylbutyrate. However, when propionate was used as the acyl
substrate, propionyl-CoA was not produced. Propionyl-AMP and PPi were released in the
absence of CoA, whereas in the presence of CoA, the propionyl-AMP intermediate was
converted to AMP and propionate and released along with PPi. These findings suggested
that although acyl-CoA synthetases may have the ability to utilize a broad range of
substrate for the acyl-adenylate forming first step of the reaction, the intermediate may
not be suitable for the thioester-forming second step, in which case the enzyme has
devised a mechanism for the release of the propionyl-adenylate intermediate.
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In order to investigate the molecular basis of enzymatic mechanism of MacsMa,
several key amino acid residues were identified through inspecting the enzyme structure
and sequence alignment. Kinetic characterization of these residues suggested that MacsMa
has highly conserved acyl and CoA binding pockets. Six residues, Lys256, Cys298, Gly351,
Trp259, Trp237, and Trp254 were identified to be essential in acyl substrate binding and
catalysis and also Lys256 had an important role in structure stability; Seven residues,
Lys519, Lys461, Gly459, Tyr460, Arg490, Tyr525, and Tyr527 were found to be important in
CoA binding and catalysis without significantly affecting the first half adenylate-forming
reaction. Another interesting finding was that 3'-phosphate of CoA was proved to be
critical in catalysis of thioester-forming step of the reaction in MacsMa. However, Acs is
able to utilize 3'-dephospho CoA well though not as efficient as with CoA.
Characterization of CoA binding and catalysis also suggested that MacsMa had a similar
CoA binding pocket to CBAL.
Investigation of the MacsMa and active site(s) help gain a better understanding of
biochemistry and two-step reaction mechanism in Acs and the evolution of the active site
and substrate binding pocket in short- and medium-chain acyl-CoA synthetase
(Sacs/Macs) family.
In order to investigate the biochemistry and kinetics of the Methanosaeta Acs’s,
Acs4Msc was biochemically characterized to show little to no acyl-adenylate
synthetase/acyl-CoA synthetase activity. The Trp416 in Methanothermobacter
thermautotrophicus Acs1 (Acs1Mt) has been shown to be highly conserved in other Acs’s
and very important in determining acyl substrate utilization but replaced by Phe in
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Acs4Msc. To further investigate the role of this highly conserved Trp active site in Acs,
the Phe528Trp Acs4Msc variant was characterized to still display little to no acyladenylate/acyl-CoA synthetase activity as observed with wild-type enzyme. Furthermore,
the Acs1Mt Trp416Phe variant showed similar kinetic parameters for either acetate or
propionate for acyl-CoA synthetase; however, this variant released propionyl-adenylate
as a free product, suggesting that Acs1Mt have different interactions with acetate and
propionate and the benzoyl ring in Phe may reduce the ability of the enzyme to retain the
propionyl-adenylate for the second-half thioester-forming step.
The appendix section includes a recently published paper focusing on the
structure of MacsMa. I contributed to the enzymatic activity characterization of MacsMa
and am an author on this paper.
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CHAPTER I
LITERATURE REVIEW ON ACYL-COA SYNTHETASES AND ACYLADENYLATE FORMING SUPERFAMILY

I. INTRODUCTION
Acetate, an abundant short-chain fatty acid in nature, can be utilized by many
eukaryotic and prokaryotic microbes as a carbon and energy source. The first step is the
activation of acetate into acetyl-CoA, an essential molecule at the junction of various
anabolic and catabolic pathways in metabolism. Three distinct pathways exist for the
interconversion of acetate and acetyl-CoA. One of them converts acetate to acetyl-CoA
or acetyl-CoA to acetate catalyzed by the acetate kinase [AckA, EC 2.7.2.1] /
phosphotransacetylase [Pta, EC 2.3.1.8] enzymes [Eq. 1 and Eq. 2]. The second pathway
consists of acetyl-CoA synthetase [ADP-Acs; acetate:CoA ligase, EC 6.2.1.1.3], which
catalyzes the conversion from acetyl-CoA to acetate only [Eq. 3], and the third pathway
consists of acetyl-CoA synthetase [Acs; acetate:CoA ligase, EC 6.2.1.1], which only
catalyzes the acetate activation to acetyl-CoA [Eq. 4].
acetate + ATP  acetyl-Pi + ADP

[Eq. 1]

acetyl-Pi + CoA  acetyl-CoA + Pi

[Eq. 2]

acetyl-CoA + ADP + Pi → acetate + ATP

[Eq. 3]

acetate + ATP + CoA →acetyl-CoA + AMP + PPi

[Eq. 4]

Acs, widespread in all three domains of life, is able to catalyze the activation of
acetate to acetyl-CoA in a two-step reaction via the formation of enzyme-bound acetyl-
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adenylate as an intermediate (2, 9, 10, 113). Acs belongs to the acyl-adenylate forming
enzyme superfamily that contains three subfamilies: the acyl- and aryl-CoA synthetases,
the adenylation domain of nonribosomal peptide synthetases [NRPS], and firefly
luciferase (18). Although these enzymes share limited sequence homology, they all
undergo a similar two-step reaction in which an enzyme-bound acyl-adenylate is formed
in the first step of the reaction.
In this chapter, biochemistry, enzymology and regulation of Acs is introduced,
characterization and comparison of other members in acyl-adenylate forming enzyme
superfamily is then discussed, acetate activation in two different methane-producing
archaea is finally presented.
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II. AMP-FORMING ACETYL-COA SYNTHETASE
1. The acyl-adenylate forming enzyme superfamily
Acs is a member of the acyl-adenylate forming enzyme superfamily which
contains three subfamilies: the acyl- and aryl-CoA synthetases, the adenylation domain of
nonribosomal peptide synthetases [NRPS], and firefly luciferase (18). These enzymes,
which are involved in many catabolic and anabolic processes, catalyze the synthesis of
product via an enzyme-bound acyl-adenylate intermediate. Study of this family of
enzymes is significant because they are involved in the synthesis of antibiotics, anticancer agents and the degradation of pollutants (26, 57, 80, 83). The members in the
adenylate-forming enzyme superfamily have 20-40% identity and similarity in amino
acid sequences, and share certain conserved sequence motifs (4, 18, 70, 80). There are ten
conserved regions (A1 to A10) throughout the length of the Acs proteins by comparing
the primary amino acid sequences of Acs enzymes from representatives of all three
domains of life (Fig. 1.1). Members in adenylate-forming enzyme superfamily are
relatively large, with sizes ranging from 500 to 700 residues. A number of structures of
members in this superfamily have been determined including luciferase (20), the phenylalanine activating domain [PheA] from gramicidin synthetase S (21), the 2, 3dihdroxybenzoate activating domain [DhbE] from the Bacillus subtilis bacillibactin
NRPS system (82), and the acetyl-CoA synthetases [Acs] from Salmonella enterica (48)
and yeast (65). These enzymes consist of two structural domains: the large N-terminal
domain of 400-550 residues, and the smaller C-terminal domain of 100-140 residues. In
combination of structural studies and biochemical analysis (11, 88), the conformational
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change model has been suggested for the adenylate-forming enzymes that the C-terminal
domain undergoes a 140° rotation around a hinge residue of the A8 motif used for the
second half-reaction.

Figure 1.1 Homology amongst acyl-CoA synthetases from representative organisms from all domains of
life. Salmonella enterica, a γ-proteobacterium; Halobacterium salinarum, an extremely halophilic
archaeon; S. cerevisiae, yeast; Homo sapiens (humans). Sequence motifs conserved amongst members of
the AMP-forming family of enzymes are boxed and labeled A1 through A10. The asterisk identifies the
lysyl residue of the A10 domain that is reversibly acetylated. Taken from (102).
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2. The AMP-Acs catalyzes the activation of acetate in two-step reaction mechanism
The Acs orthologs are widespread in bacteria, in eukaryotes including fungi,
plants and human, and in some thermophilic and extremely thermophilic archaea (23, 24,
37, 58, 69, 72, 77, 110, 118, 122). Phylogenetic analyses of 30 protein sequences indicate
a prokaryotic origin for eukaryotic Acs enzymes (67).
Acs catalyzes the activation of acetate into acetyl-CoA via an ordered Bi Uni Uni
Bi ping-pong mechanism. The enzyme first binds ATP, then acetate to form the enzymebound acetyl-AMP and release pyrophosphate. After CoA binds to Acs, acetyl-CoA is
formed and the reaction ends with the sequential release of acetyl-CoA and AMP (36, 50,
78, 113-116). The overall acetyl-CoA synthesis reaction is shown in Eq. 4.
Based on isotopic exchange, labeling experiments and detection of an enzymebound acetyl-AMP, a mechanism [Eq. 5a and 5b] in which the reaction proceeds through
an acetyl-AMP intermediate has been proposed (2, 9, 10, 113):
E + acetate + ATP  E + acetyl-AMP + PPi

[Eq. 5a]

E•acetyl-AMP + HSCoA  E + acetyl-CoA + AMP

[Eq. 5b]

The stereochemical studies of the yeast Acs using [18O] acetate and adenosine 5'(1-thio) triphosphate diastereoisomers A and B suggest the adenylation step occurs with
inversion of configuration at the α-phosphorus of ATP (84). Under the conditions used,
Acs only utilized the B isomer of ATP [αS] to incorporate labeled oxygen in opposite
orientation from the leaving pyrophosphate group. When the labeled product was
converted back to ATP [αS], the amount of labeled oxygen was almost entirely located at
the position occupied by the oxygen bridging the α and β phosphorus atoms (29, 112).
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This suggest that the entering group acetate and leaving group pyrophosphate are in
opposed, in-line orientation relative to each other, and the formation of acetyl-AMP is
due to a single displacement event (84).
The 2.3 Å structure of the trimeric yeast Saccharomyces cerevisiae Acs1 (Acs1Sc)
in a binary complex with AMP reveals the conformation of the enzyme that is likely to
catalyze the first step of adenylation-forming reaction [Eq. 5a] (65). Like the structures of
bacterial Salmonella enterica Acs (AcsSe) and other AMP-forming enzymes (20, 21, 48),
yeast AcsSc contains a large N-terminal domain (residues 74-576) and a small C-terminal
domain (residues 577-713). The structural comparison between yeast Acs1Sc and
bacterial AcsSe with other adenylate-forming enzymes such as firefly luciferase and
gramicidin synthetase (20, 21) reveals the similarity on the large domain of these
enzymes, even though the amino acid sequence identity between Acs and these other two
enzymes is only 16-20%. The smaller C-terminal domain is positioned away from Nterminal domain and a rotation of 137° is needed to superimpose the small domains of
yeast Acs1Sc and bacterial AcsSe. The difference in the placement of the small domain is
likely linked to the catalytic cycle of the enzyme (65). From the small domain, conserved
residue Lys675 of yeast Acs1Sc in the conserved A10 motif is located in close proximity to
the AMP molecule, however, the electron density for the side chain atoms of this residue
is missing (65). In the structure of the adenylation domain gramicidin synthetase 1, this
Lys side chain is hydrogen-bonded to the oxygen in the ribose ring, the bridging oxygen
between the ribose and the α-phosphate, and the carbonyloxygen of the substrate (21).
These structures suggest that the A10 Lys is very important in orienting one or both
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substrates during the first half-reaction. The following biochemical and kinetic studies
support the role of this Lys. Acetylation of this residue (Lys609) in the bacterial AcsSe
inactivates the enzyme by abolishing the first step, but has little impact on the second step
(101). The lysine-to-glutamate change at residue Lys592 in the closely related propionylCoA synthetase reduced the enzyme activity by >4 fold when propionate, ATP and CoA
were used as substrates. However, the same mutation did not affect the second step
thioester-forming activity of the enzyme (56).
A 1.75 Å structure has been reported for the monomeric AcsSe (48) bound to both
CoA and adenosine-5'-propylphosphate, an inhibitor of the related propionyl-CoA
synthetase (43, 56) that mimics the acetyl-adenylate intermediate. This structure suggests
that the C-terminal domain of Acs rotates approximately 140° towards the N-terminal
domain to form the complete active site for catalysis of the second half-reaction [Eq. 5b]
(Fig. 1.2). In this orientation, the CoA thiol is properly positioned for nucleophilic attack
on the acetyl group. The A10 Lys (Lys609) residue is away from the active site and
exposed to the solvent due to the C-terminal domain rotation, confirming Lys609 is not
involved in the catalysis of the second half-reaction.
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Figure 1.2 Comparison of the structure of Acs in two step reaction. A. The 2.3 Å structure of yeast
Saccharomyces cerevisiae Acs1 (65). B. The 1.75 Å structure of Acs in Salmonella enterica (48). Green
color indicates N-terminal domain; Aqua color indicates C-terminal domain. Modified by Cheryl IngramSmith.
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3. The substrate binding pocket of Acs
The crystal structure of the AcsSe (48) and Acs1Sc (65) have allowed investigation
of substrate binding and catalysis in Acs by site-directed mutagenesis. Four residues have
been reported to form the putative acetate binding pocket in M. thermautotrophicus Acs1
(Acs1Mt) through inspection of the AcsSe structure, modeling of the Acs1Mt on the Acs1Sc
and AcsSe structures, and alignment of Acs sequences (60). These four residues that have
been targeted for alteration to investigate their roles in acetate binding and catalysis are
Ile312, Thr313, Val388, and Trp416.
The Acs1Mt model of the AcsSe structure suggest that Ile312, Thr313, Val388, and
Trp416 are in replacement of Val310, Thr311, Val386 and Trp414 of the S. enterica enzyme to
form a hydrophobic pocket (Fig. 1.3). Sequence alignment of these four residues of
several members of small-chain or medium-chain acyl-CoA synthetases (Sacs/Macs)
with different substrate preferences is shown in Figure 1.3. These enzymes substrate
preference range from acetate and propionate for Acs and propionyl-CoA synthetase
(Pcs) (56) to isobutyrate for Sa and octanoate for Macs1 (38). Sa protein and Macs1 were
identified and characterized in murine as medium-chain acyl-CoA synthetase (Macs)
(38). The Sa gene is also proposed to be a candidate gene that correlates to hypertension
due to its increased expression in kidney of spontaneously hypertensive rat as compared
to the normotensive Wistar-Kyoto rat (61). FadK, a homologue of fad (fatty acid
degradation) enzymes, is required by β-oxidation pathway, which is a metabolic
competency for E. coli to degrade fatty acid anerobically (85). It has been reported that E.
coli FadK is an acyl-CoA synthetase, whose substrate preference has not yet been
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determined but has been shown to utilize substrates ranging from hexanoate to decanoate
(85).
Thr313, Val388 and Trp416 of Acs1Mt are completely conserved among the Acs’s,
and Ile312 is well conserved. Val388 and Trp416 of Acs1Mt are replaced by smaller residues
for several Sacs/Macs that utilize longer chain acyl substrates. Val388 is replaced by Ala
in Pcs and Sa but by the smaller Gly in Macs1 and FadK, which utilize longer acyl
substrates. Trp416, which is conserved in the Acs’s and Pcs, is universally replaced by Gly
in Sa, Macs1 and FadK.
Kinetic studies of Acs1Mt variants of these four residues (60) demonstrated that
the Ile312Ala variant still preferred acetate as acyl substrate but decreased the catalytic
efficiency (kcat/Km) by 15-fold compared to the wild type. The Thr313Val variant showed a
7- or 8-fold greater affinity (Km) for acetate or propionate with ~20-fold decrease in
turnover number (kcat).
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Figure 1.3 The putative acetate pocket of wild-type Acs1Mt. Residues within 10 Å of the propyl moiety of
the propylphosphate group of the adenosine 5´-propylphosphate mimic of the acetyl-adenylate intermediate
are shown. Ile312 is shown in purple, Thr313 in magenta, Val388 in red, and Trp416 in blue. The
propylphosphate group is shown in aqua. (A) Front view in which the propyl group is directed into the
pocket. (B) Side view showing steric hindrance between the propyl group and Trp416. Taken from (60).

Figure 1.4 Partial ACS/SACS/MACS sequence alignment. Residues proposed to interact with acetate are
shaded in gray. For brevity, only the sequences of MT-ACS1 and several proven SACS/MACS’s are
included. Taken from (60).
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Alteration of Val388 to Ala resulted in a shift in substrate preference from acetate
to propionate (60). The Km for acetate increased 3.8-fold in comparison to that of the
wild-type enzyme whereas that for propionate decreased 8.9-fold. However, the catalytic
efficiency was decreased in the variant of Val388 Ala relative to that observed for the wildtype enzyme with propionate as acyl substrate, and in fact, the variant showed a slightly
higher kcat/Km with propionate than with acetate (60). Unlike the wild-type enzyme, this
variant was able to utilize butyrate, although with very low catalytic efficiency. A
Trp416Gly alteration has been reported to have a dramatic effect on Acs1Mt substrate
preference (60). The variant has a broad range of substrate utilization from two-carbon
acetate to the eight-carbon octanoate and was also able to utilize the branched-chain
substrates 2-, 3-, and 4-methylvalerate. With 4-methylvalerate as the acyl substrate, the
Trp416Gly variant showed the highest catalytic efficiency. Modeling of the Trp416Gly
variant (Fig. 1.5) of Acs1Mt on AcsSe structures showed an expanded acyl substrate
binding pocket, which confirmed the essential role of the Trp416 residue play in acyl
substrate utilization in Acs.
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Figure 1.5 The acyl substrate binding pocket of the Acs1Mt Trp416Gly variant. The propylphosphate group
was lengthened by two methylene groups to mimic binding of valerate. Residues within 10 Å of the valeryl
moiety are shown. Ile312 is shown in purple, Thr313 in magenta, Val388 in red, and Trp416 in blue. The
propylphosphate group is shown in aqua. (A) Front and (B) side views similar to those shown in Figure 1.2.
Taken from (60).

The Thr313Lys variant proved to be a poor enzyme with over a 5000-fold
reduction in kcat/Km with acetate compared to the wild-type enzyme. There was very little
detectable activity with propionate for this enzyme. An interesting finding was observed
in the absence of CoA: the Thr313Lys variant released the acetyl-adenylate intermediate
and did not catalyze the second step of the Acs reaction (60).
The residues that have been characterized to be involved in acetate binding pocket
of Acs1Mt, are highly conserved among nine Methanosaeta Acs’s with the exception of
Trp416 equivalent. Although highly conserved in other Acs’s or replaced by small residue
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Gly, this residue is replaced by Phe at the corresponding position in Acs4 of both Ms.
thermophila (Acs4Mst) and Ms. concilii (Acs4Msc). Further investigation of this residue is
needed in both Acs4Msc and Acs1Mt. (Detailed information referred to Chapter IV)
As for the kinetic parameters for ATP and CoA for these variants, the Km values
for ATP and CoA showed less than 3-fold difference for the variants relative to that
observed for the wild-type enzyme, with exception of the Thr313Val and Thr313Lys
variants. Thus, the structure of the active sites for ATP and CoA are not significantly
altered in the Ile312, Val388, and Trp416 variants (60).
Characterization of Archaeoglobus fulgidus Acs2 (Acs2Af) showed that this
enzyme had only 2.3-fold higher Km and catalytic efficiency with acetate than with
propionate (59). Such a weak preference for acetate versus propionate is unusual from
other Acs’s such as Acs1Mt, which utilize acetate and propionate only and has nearly 11fold higher affinity and 14-fold higher catalytic efficiency with acetate than with
propionate (59). Acs2Af has a Km for propionate that is almost identical to that of Acs1Mt
for acetate and nearly 10-fold higher than the Km of Acs1Mt for propionate (59).
Furthermore, Acs2Af has an expanded acyl substrate binding pocket which can also utilize
butyrate and isobutyrate as acyl substrate (59). Structure modeling of Acs2Af on the
structure of AcsSe revealed a similarity in the structures of the acetate pocket to Acs1Mt
(Fig. 1.6). However, Ile312 of Acs1Mt points away from the propyl-phosphate group,
whereas the equivalent residue Ile329 in Acs2Af points inwards. This different orientation
may increase the hydrophobicity of the acetate pocket and could account in part for the
higher affinity of Acs2Af for acyl substrates than observed for Acs1Mt. Furthermore,
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Gln417 of Acs1Mt and the equivalent residue Met434 of Acs2Af are located near the acetate
pocket and may influence the alternative positions of a conserved Leu residue (59).
Detailed biochemical study about structure/function work is now needed to test these
predictions on a basis of modeled structures.

Figure 1.6 The acetate binding pocket of Acs1Mt and Acs2Af. (A) Acs1Mt and (B) Acs2Af were modeled on
the S. enterica ACS structure (PDB: 1PG4). The acetate pocket residues (Ile312, Thr313, Val388, and Trp416 of
Acs1Mt and Ile329, Thr330, Val405, and Trp433 of Acs2Af) are colored and labeled. Taken from (59).

In the structure of AcsSe (Fig. 1.7), Arg194 and Arg584 are shown to interact with
the CoA 3´-phosphate. Arg526 appears to interact with the phosphate group of the acyladenylate intermediate and is thought to play a role in stabilization of the thioesterforming conformation (48). Reger et al. (88) made alterations at these three Arg residues
of AcsSe which resulted in an approximately two-fold decrease in turnover ratio. A fourfold increase in the Km for CoA was observed for an Arg526Ala variant and a seven- to
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eight-fold increase for Arg584Ala and Arg584Glu variants. Arg194 was altered to Ala and
Glu. The resulting variants likewise had an approximately two-fold decrease in kcat but
only a two- to three-fold increase in the affinity for CoA (88).

Figure 1.7 Detailed view of the interactions of Acs with the CoA and adenosine-5´-propylphosphate. (A)
Stereorepresentation of the binding pocket showing the surface-binding portion of the nucleotide portion of
CoA. Ligands are represented by ball-and-stick structures with yellow bonds. The phosphopantetheine
moiety of CoA is directed into the adenylate-binding pocket. The glycine-rich A3 motif is shown in pink.
(B) Protein residues that interact with the ligands are shown. Dashed lines show the interactions between
different functional groups. Hydrophobic interactions are indicated by broad hashed curves. Taken from
(48).
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4. Acs’s show unexpected diversity in substrate utilization in Archaea
Phylogenetic analysis of putative Sacs/Macs sequences indicates that the Acs’s
form a distinct clade from other acyl-CoA synthetases (59). Propionyl-CoA synthetase
(56), Sa and Macs1 (37) acyl-CoA synthetases that prefer propionate, isobutyrate and
octanoate, respectively, reside in other clades outside of the Acs clade. There are eight
major groups in the Acs clade (Fig. 1.7). Groups II and III are composed of only
sequences from eukaryotes, except for a single bacterial sequence in each. Groups I, IV
and V consist solely of bacterial sequences and several small bacterial clusters. Unlike
the phylogentic analyses that archaeal Acs’s formed one distinct clade presented by
Brasen and Schonheit (12), the archaeal sequences fall into three groups (VI, VII and
VIII), each of which also contains one or more bacterial sequences (59).
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Figure 1.8 Phylogeny of Acs’s sequences. Eukaryotic sequences are indicated in black, bacterial sequences
in red and archaeal sequences in blue. Taken from (59)

The sequences of AcsSe and AcsSc, whose structures have been resolved (48, 65),
reside in Groups I and II. They are quite distant from the archaeal Acs’s, for which there
is no structure. The first archaeal Acs’s purified and characterized were those from
Methanothrix soehngenii and Methanothrix thermophila CALS-1 (now Methanosaeta
concilli and Methanosaeta thermophila CALS-1) (1, 63, 107). Acs is the first enzyme in
the acetate activation into acetyl-CoA for methanogenesis in obligately acetoclastic
Methanosaeta (1, 63, 107). Through the analyses of completed genome sequences of
Methanosaeta species suggest that Ms. thermophila has four genes that encode Acs, three
of which are tandemly positioned (Fig. 1.9). However, Ms. concilii has five putative acs
genes, of which four are tandemly positioned (100). The phylogeny analyses (Fig. 1.9) of
those multiple acs genes in Ms. thermophila and Ms. concilii demonstrated that acs
homologs between the two species align in the same position within the tandem repeat
(100). The recombinant Acs 2, Acs 3 and Acs 5 encoded by the
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Figure 1.9 Acs phylogeny and gene organization in Methanosaeta. (a) Methanosaeta thermophila (MST)
and Methanosaeta concilii (MSC) Acs sequences alignment. (b) Organization of acs genes in
Methanosaeta concilii (top) and Methanosaeta thermophila (bottom). Closest homologs between the two
species are indicated by identical colors. Taken from (100).

second, third and fifth Ms. concilii acs tandem (Referred as Acs2Msc, Acs3Msc, and
Acs5Msc) have been purified and characterized to use acetate as the preferred substrate
(Ingram-Smith, C., et al. Unpublished data). With the exception of Methanococcus
maripaludis and Methanosarcina acetivorans (Detailed results in Chapter II), all of the
methanoarchaea with Acs have at least two acs genes (59). Archaeal Acs’s showed
various acyl substrate utilization range. Unlike the Haloarcula marismortui, M.
soehngenii, and Ms. thermophila CALS-1 Acs’s and the Acs1Mt which show a strong
preference for acetate (1, 59, 63, 107), Pyrobaculum aerophilum and Acs2Af have an
expanded substrate range (13, 59), whose sequences both reside in Group VIII (Fig. 1.8).
Kinetic characterization of Acs2Af demonstrated that this enzyme had only a 2.3-fold
higher affinity and catalytic efficiency with acetate than propionate compared to Acs1Mt,
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which had 11-fold higher affinity and 14-fold higher catalytic efficiency with acetate
versus propionate. Furthermore, Acs2Af can utilize butyrate as substrate, although the Km
was 78-fold higher than that for acetate and 34-fold higher than that for propionate, and
the turnover rate was 21-fold decreased with butyrate compared with acetate or
propionate (59).
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5. Acetate activation in microbes
Acetate activation in prokaryotes and eukaryotes – In prokaryotes, acetate can
be used as a carbon and energy source regardless of its concentration in the environment
(102). Activation of acetate into acetyl-CoA is catalyzed by two pathways. In the
presence of high concentrations of acetate in the environment (> 30 mM acetate), the
Ack/Pta system is the route used by prokaryotes to activate acetate to acetyl-CoA via
acetyl-phosphate (15) (Fig. 1.10). In order to conserve energy and maintain steady-state
levels of free CoA in the cell, many fermentative and facultative anaerobic bacteria use
the Ack/Pta system reversibly to convert acetyl-CoA to acetyl-phosphate by Pta so that
Ack is able to catalyze a reaction to consume acetyl-phosphate to yield ATP and acetate
(16, 91). When the concentration of acetate in the environment is low (< 10 mM acetate),
Acs is the preferred route of acetyl-CoA synthesis (Fig. 1.10). The subsequent oxidation
of acetyl-CoA through Krebs cycle requires the operation of the anapleurotic sequence of
the glyoxylate bypass, which includes two enzymes, isocitrate lyase (ICL, EC 4.1.3.1)
and malate synthease (MS, EC 2.3.3.9) (22, 55). The ICL catalyzes the aldole cleavage of
isocitrate to succinate and glyoxylate, which bypasses the two steps in the Krebs cycle in
which carbon is lost in the form of carbon dioxide. However, MS catalyzes the
condensation of acetyl-CoA and glyoxylate to produce malate and HS-CoA to fulfill its
anapleurotic function (45, 46).
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Figure 1.10 An overview of the central metabolic pathways of acetogenic metabolism in E. coli,
highlighting the acetate switch pathways. Provided by Kerry Smith as modified from (30).

Unlike prokaryotes employing two pathways to catalyze acetate switch, Acscatalyzed pathway in eukaryotes is the only route for the activation of acetate to acetylCoA (102). In yeast, two isoforms of Acs have been identified. Acs1 may be a
peroxisomal enzyme and is needed for growth on C2 compounds (20), whereas Acs2 may
be required for the production of acetyl-CoA from pyruvate via the so-called pyruvate
dehydrogenase (PDH) bypass (110).
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Acetate activation in aceticlastic methanogenesis – Methanogenesis, which is
unique to the archaea, plays an important role in the global carbon cycle. An estimated
900 million metric tons of methane are biologically produced each year, representing the
major global source for this greenhouse gas and contributing significantly to global
warming (95). In addition, methanogenesis is critical to the waste-treatment industry and
biologically produced methane is also considered as an important alternative fuel source
(40). Approximately two-thirds of biologically produced methane released to the
atmosphere each year is derived from the methyl group of acetate (66). However, only
two genera of methanogens, Methanosarcina and Methanosaeta, are known to be able to
utilize acetate as a substrate for methanogenesis.
Methanosarcina is a group of the most metabolically and physiologically versatile
methanogens. In contrast to all other methanogens that possess a single pathway with no
more than two substrates for methanogenesis, Methanosarcina is the only species that
possess all three known pathways for methanogenesis (Fig. 1.11) and is able to utilize no
less than nine methanogenic substrates besides acetate. Methanosarcina, which has been
found in fresh water and marine sediments, decaying leaves and garden soils, oil wells,
sewage and animal waste digesters and lagoons, thermophilic digesters, feces of
herbivorous animals, and the rumens of ungulates (123), displays extensive
environmental diversity.
Most Methanosarcina reduce CO2 to CH4 with electrons derived from H2 and all
utilize various methylotrophic substrates and acetate, as sources of methylgroups for
reduction to methane (27). The final step the pathways (Fig. 1.11) for all substrates is the
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same which is the methyl-CoM methylreductase (117) catalyzed reductive demethylation
of methyl-coenzyme M (CH3-CoM)

Figure 1.11 Three pathways for methanogenesis. All three pathways converge on the reduction of methylCoM to methane (CH4). Many methanogens can reduce CO2 to methane using electrons derived
by oxidizing H2 (the hydrogenotrophic pathway, red arrows). Others can utilize C-1 compounds such as
methanol or methylamines with one molecule of C-1 compound being oxidized to provide electrons
for reducing three additional molecules to methane (the methylotrophic pathway, green arrows). Still other
methanogens split acetate into a methyl group and an enzyme-bound CO, with the CO subsequently
oxidized to provide electrons for the reduction of the methyl group to methane (the acetoclastic pathway,
blue arrows). CoM, coenzyme M; H4SPT, tetrahydrosarcinapterin; MF, methanofuran. Taken from (40).

to methane. However, the process of methylation of CoM is different for each substrate
(33). With acetate as substrate, activation of acetate into acetyl-CoA is the first step. Then
cleavage of acetyl-CoA catalyzed by the five subunit carbon monoxide dehydrogenase /
acetyl-CoA decarbonylase complex (CODH/ACDS) (34) results in free methyl group
which can be transferred to the cofactor tetrahydrosarcinapterin (H4SPT) and finally to
CoM by methyltetrahydrosarcinapterin:CoM methyltransferase (MTR). In the methanol
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pathway, two methyltransferases are responsible for transferring the methyl group to
CoM via different subunits of the methyltransferase as intermediate methyl receivers (93,
111). More energy is provided in methanogenesis from methanol than acetate (33). Thus,
Methanosarcina preferred methanol to acetate as substrate.
The completion of genome sequences of Methanosarcina acetivorans and
Methanosarcina mazei and development of powerful genetic and biochemical tools make
the genera a preferred model for study of aceticlastic methanogenesis (25, 40).
The first step of aceticlastic methanogenesis, activation of acetate to acetyl-CoA
is catalyzed by acetate kinase (AK) in combination with phosphotransacetylase (68) in
Methanosarcina Expression studies in Methanosarcina thermophila (98) and gene
knockouts in Methanosarcina acetivorans (92) demonstrated the use of the AK-PTA
pathway in Methanosarcina. Phylogenetic analysis confirmed that two genes encoding
AK and PTA, respectively, undergo a horizontal gene transfer from a derived cellulolytic
clostridium belonging to a sister group of the C. thermocellum/C. cellulolyticum clade
and this event likely occurred within the last 475 million years (42).
As one of the only two genera of methanoarchaea that can use acetate as a
substrate for methanogenesis, Methanosaeta is less studied due to its lower growth rate
and yield compared to Methanosarcina. In contrast to Methanosarcina which requires at
least ~ 1 mM acetate for its normal growth, the low concentration in the range of 5-20
μM acetate needed for Methanosaeta (64) allows it to prevail over Methanosarcina in the
low acetate environments of rice paddies (35) and anaerobic waste digesters (44), which
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are major sources of biogenic methane. Therefore, Methanosaeta is probably the
predominant methane producer on earth (100).
For the first step of aceticlastic methanogenesis, which is activation of acetate into
acetyl-CoA, Methanosaeta has been shown to utilize AMP-forming acetyl-CoA
synthetase (Acs) to catalyze it instead of the AK-PTA pathway existed in
Methanosarcina. Acs has been purified from Methanothrix soehngenii and Methanosaeta
thermophila CALS-1 (formerly Methanothrix sp. strain CALS-1) (63, 107) (Note:
Methanothrix soehngenii strain Opfikon was probably impure, and hence was not
renamed as Methanosaeta.) It has also been suggested that AK and PTA activities were
not detected in M. soehngenii (63) and genes encoding AK and PTA have not been found
in the Methanosaeta thermophila or Methanosaeta concilii genome sequences.
As described above, Methanosarcina is the only genus in methanoarchaea that do
not have acs encoding gene. However, a putative Sacs/Macs encoding gene has been
recently found in all methanoarchaea and also in Methanosarcina. Biochemical and
kinetic characterization of this Sacs/Macs from M. acetivorans are described in chapter
II. The novel functionality found in this enzyme will help further understand two-step
reaction of Acs and the catalytic mechanism of the adenylate-forming enzyme
superfamily.
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6. Posttranslational regulation of Acs activity by acetylation
The activity of bacterial and eukaryotic Acs’s has shown to be regulated by
acetylation (52, 96, 105). The Sir2 (Sirtuin)-dependent protein acetylation/deacetylation
system (SDPA/DS) responsible for controlling Acs activity is also involved in the control
of gene expression in eukaryotes (99). Acs in the Gram-negative S. enterica was the first
enzyme to be shown under SDPA/DS control (101) (Fig. 1.12). Activity of this enzyme is
regulated by acetylation of the completely conserved residue Lys609 in the A10 motif of
Acs via the Pat acetyltransferase (103). A single adenylation event completely blocks
acetyl-AMP synthesis, thus blocking growth of S. enterica on low concentrations of
acetate (≤ 10 mM) (105). In S. enterica, removal of the acetyl group from acetylated,
inactive Acs is catalyzed by the NAD+-dependent CobB sirtuin protein deacetylase (101,
109). Removal of the acetyl moiety from Acs consumes one mole of NAD+ per mole of
acetyl moiety removed, yielding 2’-acetyl-O-ADPribose and nicotinamide as products of
the reaction (62, 94). Propionyl-CoA synthetase (PrpE), which is encoded by prpE in S.
enterica, is also under Sir2 control. As with Lys609 in AcsSe, the equivalent Lys592 residue
of PrpE is critical to the adenylation activity of the enzyme, but not to its thioester
forming activity (56). In the Gram-positive Bacillus subtilis AcuA and AcuC, unrelated
to the S. enterica Pat and CobB, have been shown to acetylate and deacetlyate Acs,
respectively (41).
The first eukaryotic Acs shown to be regulated by acetylation was in S. cerevisiae
(105). Two proteins Hst3 and Hst4, which are the Sir2 homologs, have been reported to
be very important for allowing growth of S. cerevisiae on acetate or propionate (105).
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Two mammalian Acs’s have been demonstrated to be regulated by reversible acetylation
at the same conserved Lys as in the AcsSe, and that a sirtuin activated the Acs by
deacetylation (52, 96). Cellular coexpression experiments suggested that SIRT1, one of
seven mammalian sirtuin homologs,

Figure 1.12 Model for the Sir2-dependent activation of Acetyl-coenzyme A synthetase (Acs). Acs proteins
(green rectangles), which are acetylated at lysine 609 (depicted by the red ball and stick) are inactive for the
adenylation of acetate (top). CobB, the S. enterica sirtuin (blue circle), deacetylates Acs in a NAD+dependent manner, releasing 20-O-acetyl-ADP-ribose (20-OAADPr) and nicotinamide. Nicotinamide has
been shown to inhibit the deacetylation reaction. Unacetylated Acs is competent for the conversion of
acetate to its adenylated intermediate (acetyl-AMP) and acetyl-coenzyme A. The acetyl-CoA generated
serves as a substrate for the predicted Sir2 cognate protein acetyltransferase. Taken from (104).

was responsible for deacetylation of the cytoplasmic Acs1 and led to an increase in Acs1dependent fatty-acid synthesis from acetate (52). SIRT3, another sirtuin homolog, has
been determined to specifically deacetylate the mitochondrial Acs2 (52, 96). Both of
these sirtuins have been shown to be induced under a calorie restriction diet (19, 97), the
hypoacetylated histones lead to gene silencing and divert carbon metabolism into the
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mitochondrial Krebs cycle to increase the respiration rate, thus cell lifespan is extended
(76).
The genome analyses of Ms. thermophila indicated that three open reading frames
(ORFs) are >32% identical to the C-terminal GNAT (GCN5-related N-acetyltransferase)
functional domain of the S. enterica Pat (100). There was no homolog of the CobB
deacetylase identified. However, there are four putative deacetylases with >35% identity
to the Bacillus subtilis AcuC have been identified in Ms. thermophila with the absence of
the homolog of AcuA. AcuA and AcuC in B. subtilis have been reported to be
responsible for acetylate and deacetylate Acs, respectively (41). Thus, Methanosaeta may
use parts of two different acetylation/deacetylation systems. Mutiple genes encoding Acs,
acetylase and deacetylase indicate that Methanosaeta has a much more complex
mechanism of acetate activation and regulation than expected (100).
In addition to catalyzing acetate activation into acetyl-CoA, Acs has been
indicated to be involved in other physiological processes. Genetic experiments first
suggested a role for Acs in bacterial chemotaxis (5). It has been found that an E. coli
strain which lacked acs gene was defective in its response to attractants and repellants
despite having an intact chemotactic machinery (5, 6). CheY, the response regulator that
transmits signals sensed by receptors to change the direction of flagellar rotation, has
been shown by both in vivo and in vitro experiments to be directly acetylated by Acs (6,
7). Furthermore, CheY can autoacetylate using acetyl-CoA provided by Acs (8).
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III. STRUCTURE AND MECHANISM OF 4-CHLOROBENZOATE:
COENZYME A LIGASE (CBAL)
Chlorinated aromatics, exemplified by polychlorinatedbiphenyls (PCBs) and
dichlorodiphenyltrichloroethane (DDT) are considered to be environment contaminants
due to their toxic, carcinogenic, and teratogenic properties (3, 31, 32, 49). PCBs are
chlorinated analogues of biphenyl, which is oxidatively degraded by specialized soildwelling bacteria to benzoate and 2-hydroxypenta-2,4-dienoate. These two products are
further oxidized to metabolites that are degraded by the citric acid cycle (39, 53, 73, 81,
86, 108). PCB congeners that are chlorinated at only one of the two aromatic rings are
converted to 2-hydroxypenta-2,4-dienoate and chlorinated benzoate, the accumulation of
which without degradation inhibits bacterial growth (90). Bioremediation, a process that
employs the chemical pathways of naturally occurring bacteria, or bacteria that have been
genetically engineered for in vivo degradation, is becoming one effective strategy to
remove PCB contamination (51, 54, 87, 90). To be effective at the bioremediation of a
PCB, the bacterium must couple the biphenyl pathway with a chlorobenzoate-degrading
pathway. It has been found that Alcaligenes sp. strain ALP83, which was isolated from
PCB-contaminated soil, was able to degrade 4-monochlorobiphenyl to carbon dioxide by
combining the 4-chlorobenzoate (4-CBA) degradation pathway with the biphenyl
oxidation pathway (71, 74, 75).
The 4-CBA degrading pathway converts 4-CBA to the metabolite 4hydroxybenzoate (4-HBA), a metabolite that is ultimately processed through the aromatic
ortho cleavage, β-ketoadipate and TCA pathways, allowing the 4-CBA to be utilized as
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an alternate carbon source (28). The 4-CBA dehalogenation pathway (Fig.1 13) consists
of three chemical steps catalyzed by 4-CBA:CoA ligase (CBAL, EC 6.2.1.33), 4-CBACoA dehalogenase, and 4-HBA-CoA thioesterase. This section of the literature review is
on structure and reaction mechanism of CBAL.

Figure 1.13 Chemical Steps of the 4-CBA to 4-HBA Pathway Catalyzed by (a) 4-CBA:CoA Ligase, (b) 4CBA-CoA Dehalogenase, and (c) 4-HBA-CoA Thioesterase. Taken from (17).
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1. CBAL catalyzes 4-chlorobenzyl-CoA (4-CB-CoA) in two-step reaction.
CBAL, the first enzyme involved in the 4-CBA dehalogenation pathway, belongs
to a large class of structurally related acyl-adenylate-forming enzyme superfamily as
AMP-forming Acs. As other members in this superfamily, CBAL catalyzes the
conversion of 4-CBA to 4-CB-CoA in two-step reaction manner with an adenylation step
followed by thioesterification step with CoA (Fig. 1.14). Transient kinetic studies in
Pseudomonas sp. strain CBS3 defined the rates of the two partial reactions and structural
characterization demonstrated the 4-chlorobenzyl-adenylate (4-CB-AMP) as an
intermediate in the overall reaction (17).

Figure 1.14 Adenylation and Thioesterification Partial Reactions for CBAL. Taken from (17).
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2. Structure models of CBAL in both adenylation and thioesterification steps
The 2.0 Å three-dimensional structures of CBAL were resolved from Alcaligenes
sp. AL3007 using multiwavelength anomalous dispersion in the unliganded state and
bound to 4-CBA (47). In structures in the absence of substrate or with bound 4-CBA, the
enzyme adopts the conformation poised for catalysis of the adenylation-forming halfreaction. There were no large conformational changes of the protein upon binding 4-CBA
(47). Recently, two new crystal structures have been determined (89). The first is of
CBAL in the adenylate forming conformation, bound to the 4-CB-AMP intermediate, and
the other one is in the thioester-forming conformation (Fig. 1.15B), trapped by a novel
product analogue, 4-chlorophenacyl-CoA (4-CP-CoA). The conformation of CBAL
bound by 4-CB-AMP is similar to that previously seen in the unliganded and 4-CB bound
CBAL structures (Fig. 1.15A). The overall structure of CBAL enzyme co-crystallized
with AMP and 4-CP-CoA is very similar to that of structure of the prokaryotic Acs
structure bound to adenosine-5′-propylphosphate and CoA (48) (Fig. 1.15C). The Nterminal domain has not changed, except at residues that help stabilize the thioester
forming conformation.
The conserved hinge residue, Asp402, which bridges the N-terminal and Cterminal domain, showed significant torsional changes with phi and psi angles of -90°
and -164° compared to -74° and -29° in the adenylate-forming conformation. These phi
and psi angles for the thioester-forming conformation are very similar to prokaryotic Acs
hinge residue Asp517 (89). The mechanics of the CBAL C-terminal domain alteration that
takes place as the enzyme switches between conformation 1 (adenylation-forming step)

35

and conformation 2 (thioester-forming step) has been studied through mutants of the
hinge residue Asp402 (121). The change of Asp402 to Pro, which has a restricted phi angle
near -70° (79), showed similar conformation as the wild-type CBAL apo, 4-CB-bound,
and 4-CB-AMP-bound forms that define conformation1. Structural analyses suggested
that Asp402Pro CBAL can exist in both conformational states, the state observed in the
adenylate-forming conformation is likely to be much more stable. Furthermore, the
kinetic energy barrier to the conversion of Asp402Pro CBAL from conformation 1 to 2
was predicted to be dramatically higher than that encountered by the wild-type enzyme.
The kinetic studies of this variant showed that the catalysis for the first and second halfreaction was reduced by ~3-fold and 10,000-fold, respectively. The other replacement of
Asp402 by Ala had a significant impact on the thioester-forming reaction (100-fold
reduction in kcat/Km of CoA), although not as dramatic as the proline mutation (1500-fold
reduction in catalytic efficiency of CoA). This result suggested that the Asp402
carboxylate group assisted in the transition to the thioester-forming conformation via ion
pair formation with N-terminal domain residue Arg400.
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Figure 1.15 Three dimensional ribbon diagrams of (A) CBAL bound to 4-CBA, (B) CBAL bound to 4chlorophenacyl-CoA inhibitor and AMP, and (C) Acs bound to CoA and adenosine-5′-propylphosphate
(1PG4). The N-terminal domains of all three proteins are colored gray, while the C-terminal domains are
shown in blue, orange, and red. The A8 loop that follows the hinge residue (Asp402 in CBAL and Asp517 in
Acs) is colored with two yellow strands. Ligands are shown for all proteins, the 4-CB-AMP adenylate in
panel A, 4-chlorophenacyl-CoA and AMP in panel B, and CoA and adenosine-5′-propylphosphate in panel
C. Taken from (89).
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3. A novel CoA binding pocket of CBAL
There are two components of the CoA binding pocket of the adenylate-forming
enzyme family. The first one is on the surface of the protein where CoA nucleotide binds
to interact with both the N- and C-terminal domains. The second is a tunnel that projects
from the surface of the protein toward the buried active site for the phosphopantetheine
group of CoA to pass through. In comparison to the structure of AcsSe (48), CBAL has a
novel CoA binding pocket (89). The nucleotide moiety of CoA binds in a significantly
different conformation compared to the nucleotide of CoA bound to Acs. The CoA
engages in many more interactions with the C-terminal domain in CBAL than is observed
in Acs as a result of the rotation of the base of CoA nearly by 180° from the orientation
observed in Acs (Fig. 1.16). Of the eight residues that interact with the CoA nucleotide of
CBAL, the only N-terminal residue is Arg87, which interacts with the 5′-diphosphate of
CoA. However, CoA bound to Acs interacts in the opposite fashion with seven of the
eight residues that constitute the CoA binding motif positioned on the N-terminal
domain. Arg584 of the Acs is the only residue located on the C-terminal domain that
interacts with the 3′-phosphate of CoA. The pantetheine tunnel of CoA, is similar
between CBAL and Acs; however, the pantetheine moiety of the 4-CP-CoA projects
more deeply into the active site of CBAL. Furthermore, the pantetheine tunnel of the
CBAL is more constrained and likely to anchor the pantetheine moiety better. Several
Ala residues in Acs (Ala305, Ala354, and Ala357) that anchor the pantetheine moiety are
replaced with larger residues (Met203, Thr251, and His254, respectively) in CBAL whose
side chains could constrict the pantetheine tunnel (89).
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In addition to the identification of a novel CoA binding pocket from the structure
of CBAL, some key residues involved in CoA binding and catalysis have been
demonstrated biochemically by Wu, et al. (119). Residues that may play an important
role in binding CoA nucleotide of CBAL according to the structure have been changed to
Ala. Phe473 and Trp440, which accommodates the CoA adenine ring, are stringently
conserved. The Ala variants display a 600-fold reduction in catalytic efficiency values of
the CoA with slight reductions of the 4-CB and ATP. The side chain of Ser407 is
conservatively replaced by Thr in some CBALs and the Ala variant also showed a much
more significant reduction in catalytic efficiency of the CoA than

Figure 1.16 Comparison of the CoA binding pockets of CBAL and Acs in the thioester-forming
conformation. The CBAL structure is shown in a Cα trace shown in blue for the N-terminal domain and
purple for the C-terminal domain. Ligands from the CBAL structure are shown with purple carbon atoms,
red oxygens, blue nitrogens, orange phosphates, a yellow sulfur atom and a green chlorine atom. The side
chains of Ser407, Trp440, and Phe473 are shown interacting with the nucleotide of CoA. The Acs structure was
superimposed on CBL based on all homologous Cα positions. This structure is also shown as as a Cα trace
with a light green N-terminal domain and a darker green C-terminal domain; the Acs structure includes the
ligands CoA and adenosine-5′-propylphosphate. The side chains of Arg191 and Arg584 from Acs are shown.
The Acs ligands and residue side chains are shown with thinner sticks than the CBL ligands; the Acs atoms
are shown with the same color scheme as CBL except that carbons are colored green. The hinge residues
Asp402 (CBAL) and Asp517 (Acs) are also included. Taken from (89).
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that of the 4-CB and ATP (600-fold versus 2-fold). The Arg475 and Arg87, which interact
with CoA 3′- and 5′- phosphate respectively, the change to Ala did not make a significant
impact on the catalytic efficiency of CBAL. The residue Glu410 is stringently conserved
among CBALs. The side chain of Glu410 is solvated in the structure of CBAL bound to 4CB-AMP (conformation 1), while it enters into the active site and interacts with the
His207 side chain in the structure of CBAL bound to 4-CP-CoA (conformation 2) to help
stabilize the conformation 2 and assist CoA binding. The Glu410Ala variant demonstrated
a 1000-fold decrease in the catalytic efficiency of CoA relative to the small reductions in
the 4-CB and ATP (Fig. 1.17).

Figure 1.17 Stereodiagrams of the CBAL binding site residues surrounding the 4-CP-CoA and AMP in the
CBAL (4-CP-CoA)(AMP) complex in conformation 2. Taken from (119).
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4. The binding pocket of 4-CBA and active site in CBAL
There are eight residues (Phe184, His207, Phe249, Ala280, Ile303, Gly305, Met310 and
Asn311) have been determined to constitute the hydrophobic binding pocket of 4-CBA
(Fig. 1.18) in the structure of CBAL bound to 4-CBA (47). The highly hydrophobic
binding pocket of CBAL determines a narrow substrate range with the 4-CBA as the best
preferred substrate compared to the low catalytic efficiency of 4-hydroxybenzoate, the
end product of the 4-chlorobenzoate dehalogenation pathway (89, 120). The amino acid
replacements of Ile303 with smaller hydrophobic residues Ala and Gly decreased the
catalytic efficiency of 4-CBA by 16.5- and 33-fold without affecting the catalysis and
binding of ATP and CoA too much. The structure (Fig. 1.19) of Ile303Ala and Ile303Gly
variants of CBAL in complexed with 3,4-dichlorobenzoate suggested that the truncation
of Ile303 created adequate space for the accommodation of the C(14)Cl group (meta) of
the 3,4-dichlorobenzoate (Fig. 1.20). The kinetic catalytic efficiency of 3,4dichlorobenzoate was increased by 80- and 70-fold which mainly due to the large
increase in the affinity by 256- and 495-fold, respectively. Thus, the hydrophobicity of 4CBA binding site directs substrate specificity by size exclusion (120).
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Figure 1.18 Representation of the 4-chlorobenzoate binding pocket in CBAL from Alcaligenes sp. strain
ALP83. The 4-chlorobenzoate ligand is shown with yellow carbon atoms, red oxygen atoms, and a green
chlorine atom. Taken from (120).

Figure 1.19 Superposition of the main chain carbons of the wildtype CBAL structure (1T5D) with the
Ile303Ala mutant protein structures and the Ile303Gly mutants. In both panels, the wild-type structure is
colored blue, with the 4-chlorobenzoate ligand shown in yellow stick representation. The mutant proteins
are shown bound to 3,4-dichlorobenzoate (black) and bound to 3-chlorobenzoate (pink). The
two disordered loops of residues 109-111 and 162-165 are shown with dashed lines. For clarity, only a
single ligand is shown in the active site. Taken from (120).
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Figure 1.20 Electron density of ligands bound to Ile303 mutants.Unbiased ligand density is shown for (A) 3chlorobenzoate (3-CB) bound to Ile303Gly CBAL, (B) 3,4-dichlorobenzoate (3,4-DCB) bound to Ile303Gly
CBAL, (C) 3-chlorobenzoate (3-CB) bound to Ile303Ala CBAL, and (D) 3,4-dichlorobenzoate (3,4-DCB)
bound to Ile303Ala CBAL. The electron density maps were calculated with coefficients of the form
Fo - Fc determined prior to inclusion of the ligand in the refinement. The maps are contoured at 2.5ó. Side
chains of neighboring residues are labeled. The mutant residues are colored red. The red sphere in panels A
and B represents the Cα position of the CBAL Gly303 mutant residue. Taken from (120).

In the structure of CBAL bound to 4-CBA, the ring of 4-CBA projects outside of
the hydrophobic binding pocket and is not within interaction distance of the side chain of
His207 (47). The structure of CBAL bound to 4-CB-AMP which defines the native
conformation 1 suggests that His207 imidazole ring N3 atom forms a hydrogen bond with
the scissile ester oxygen atom of the 4-CB-AMP ligand (89). The His207Ala mutant
decreased the catalytic efficiency of 4-CB by 500-fold, while the catalysis of ATP and
CoA are not as greatly reduced (119). The stringently conserved Lys492 (Lys609 in Acs) is
important in interacting with the 4-CBA carboxylate group. Changes to Arg, Leu, or Ala
reduced the catalytic efficiency of 4-CBA by 300-, 2000-, and 500-fold, respectively.
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Thr161 is the first residue of the conserved ‘P-loop’, the side chain of which interacts with
the nucleotide α-phosphate of 4-CB-AMP. The replacement of Thr161 to Ala resulted in a
2000-fold decrease in catalytic efficiency of 4-CBA and ATP without affect CoA too
much (119).
CBAL is a catalytic platform for engineering substrate specificity to design
various CoA thioester catalysts, which can be utilized to activate aromatic acids for
bioremediation applications. Furthermore, the studies of CBAL provide insights in
understanding catalytic mechanism of the adenylate-forming enzyme superfamily.
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IV. THE REMAINING QUESTIONS IN ACYL-ADENYLATE
FORMING ENZYME SUPERFAMILY
Although a lot of progress has been made in investigating the acyl-adenylate
forming enzyme superfamily, there are still a lot of questions remaining to be answered.
Until now, most knowledge about this superfamily comes from Acs such as two-step
reaction mechanism, acetate binding pocket investigation and crystal structure analyses.
More experimental investigations on other acyl-CoA synthetases especially mediumchain and long-chain acyl-CoA synthetases are needed to completely understand the
enzymatic mechanism and evolution of this superfamily.
One intriguing question is on the domain alteration between adenylation-forming
step and thioester-forming step. The proposed domain alteration model is based on the
structure analyses of Acs in yeast and in Salmonella enterica, since there hasn’t been a
single enzyme available in which the conformations representing for two step reactions
can be solved. However, the recently resolved structure of Methanosarcina acetivorans
medium chain acyl-CoA synthetase demonstrates the thioester-forming conformation
without any substrates or ligands (Appendix). Therefore, the domain alteration model
may not be suitable for all members in the superfamily and more experimental
investigations are in need to testify it.
The acyl substrate binding pocket has been extensively studied in Acs and thought
to be highly conserved in other small-chain acyl-CoA synthetases. However, my
dissertation, which is the investigation of a medium-chain acyl-CoA synthetase from
Methanosarcina, revealed that this enzyme has a completely different acyl substrate
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binding pocket from Acs (Chapter II). This finding suggests that versatile structures of
substrate binding pocket may exist in various members in this superfamily.
As stated above, it has been reported that Acs may be a link between metabolism
and some physiological processes. In S. cerevisiae, mitochondrial Acs1 and nuclear Acs2
have been demonstrated to supply acetyl-CoA for histone acetylation by histone
acetyltransferases (HATs) (106). The gene knockout of acs in S. cerevisiae exhibited
global histone deacetylation, transcriptional defects and synthetic growth defects with
HAT mutants at high temperatures (106). Thus, the acetyl-CoA metabolism is directly
linked to chromatin regulation and may affect diverse cellular processes in which
acetylation and metabolism intersect, such as disease states and aging. With regards to
the fundamental role of Acs in metabolism and other physiological process, the
investigation of this enzyme and the superfamily it belongs to has a profound
significance.
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ABBREVIATIONS
MacsMa, Methanosarcina acetivorans medium-chain acyl-CoA synthetase; Acs,
AMP-forming acetyl-CoA synthetase; Acs2Af, Archaeoglobus fulgidus Acs2; Acs1Mt,
Methanothermobacter thermautotrophicus Acs1; AcsSe, Salmonella enterica Acs; CBAL,
4-chlorobenzoic acid:CoA ligase; LAE, lipoate-activating enzyme; ORF, open reading
frame; PPi, inorganic pyrophosphate; Sacs, short chain acyl-CoA synthetase; Macs,
medium chain acyl-CoA synthetase.
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I. ABSTRACT
Short- and medium-chain acyl-CoA synthetases (Sacs/Macs) catalyze the
formation of acyl-CoA from an acyl substrate, ATP, and CoA. These enzymes catalyze
mechanistically similar two-step reactions that proceed through an enzyme-bound acylAMP intermediate. Here we describe the characterization of a member of this enzyme
family from the methane producing archaeon, Methanosarcina acetivorans. This enzyme,
designated as MacsMa, utilizes longer acyl substrates than acetyl-CoA synthetase (Acs)
such as propionate, butyrate, and the branched chain substrates 2-methylpropionate, 2methylbutyrate, and 2-methylvalerate but cannot utilize acetate effectively. The substrate
range of MacsMa is consistent with its phylogenetic position in a clade distinct from that
of Acs and near Sacs that utilize slightly longer substrates. The preferred substrate for
MacsMa was shown to be 2-methylbutyrate; however, when propionate was used as the
acyl substrate, propionyl-CoA was not produced. Propionyl-AMP and PPi were released
in the absence of CoA, whereas in the presence of CoA, the propionyl-AMP intermediate
was broken down to AMP and propionate and released along with PPi. Similar results
were obtained for a Trp416Gly variant of the Methanothermobacter thermautotrophicus
Acs1 (Acs1Mt) which shows a broader substrate range and prefers longer acyl substrates
than wild type Acs. These results suggest that although acyl-CoA synthetases may have
the ability to utilize a broad range of substrates for the acyl-adenylate forming first step
of the reaction, the intermediate may not be suitable for the thioester-forming second
step, in which case the enzyme has devised a mechanism for breakdown and release of
the intermediate. Characterization of MacsMa makes it possible to study both steps of the
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acyl-CoA synthetase reaction individually, which helps understand the biochemistry and
reaction mechanism in Sacs/Macs family. The physiological role of MacsMa is not
certain; however, the acyl-CoA synthetase activity of and the genomic placement of this
gene adjacent to the genes encoding ketoisovalerate oxidoreductase suggests a role of
MacsMa in amino acid biosynthesis or degradation.
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II. INTRODUCTION
AMP-forming acetyl-CoA synthetase (Acs; acetate:CoA ligase (AMP-forming),
EC 6.2.1.1), which catalyzes the activation of acetate to acetyl-CoA, is a member of the
acyl-adenylate-forming enzyme superfamily (10). This diverse superfamily, structurally
distinct from the acyl-adenylate forming aminoacyl-tRNA synthetase and N-type ATP
pyrophosphatase families, consists of acyl and aryl-CoA ligases, nonribosomal peptide
synthetases that mediate the synthesis of peptide and polyketide secondary metabolites
such as gramicidin and tyrocidine, and the enzymes firefly luciferase and α-aminoadipate
reductase. Although these enzymes share the property of forming an acyl-adenylate
intermediate, they share limited sequence homology and catalyze unrelated reactions in
which the intermediate serves different functions for different members of this enzyme
family.
Based on isotopic exchange, labeling experiments, and detection of an enzymebound acetyl-AMP by gel filtration (4-6, 44), a mechanism for Acs [Eqs. 1a and 1b] in
which the reaction proceeds through an acetyl-AMP intermediate was proposed:
E + acetate + ATP  E + acetyl-AMP + PPi

[Eq. 1a]

E•acetyl-AMP + HSCoA  E + acetyl-CoA + AMP

[Eq. 1b]

The first step of the reaction, which requires acetate and ATP but not CoA, involves
formation of the enzyme-bound acetyl-AMP intermediate with release of inorganic
pyrophosphate (26). In the second step, the acetyl group is transferred to the sulfhydryl
group of CoA and AMP is released. Other short- (Sacs) and medium-chain acyl-CoA
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synthetases (Macs) also follow a similar reaction mechanism using acyl substrates other
than acetate (10, 19).
In the 2.3 Å structure of the trimeric yeast Acs1 in a binary complex with AMP
(23), the C-terminal domain is positioned away from the N-terminal domain and this
conformation of the enzyme is thought to be that for catalysis of the first step of the
reaction [Eq. 1a]. A 1.75 Å structure has been reported for the monomeric Salmonella
enterica Acs (AcsSe) (17) bound to both CoA and adenosine-5'-propylphosphate, an
inhibitor of the related propionyl-CoA synthetase (16, 19) that mimics the acetyladenylate intermediate. This structure suggests that the C-terminal domain of Acs rotates
approximately 140° towards the N-terminal domain to form the complete active site for
catalysis of the second half-reaction [Eq. 1b]. In this orientation, the CoA thiol is
properly positioned for nucleophilic attack on the acetyl group. In structure/function
studies of 4-chlorobenzoate:Coenzyme A ligase (CBAL), a member of the acyladenylate-forming enzyme superfamily, Wu et al. (45) and Reger et al. (36) provide
evidence that PPi produced in the first step of the reaction dissociates from the enzyme
before the switch from the first conformation to the second conformation required for
CoA binding and catalysis of the second step of the reaction.
Acs and Sacs/Macs are widespread in all three domains of life and play a key role
in archaea, as suggested by the finding that several thermophilic archaea have multiple
ORFs (up to seven) that encode putative Macs (39). The chemolithoautotrophic methaneproducing archaeon Methanothermobacter thermautotrophicus has two ORFs with high
identity to Acs and a third ORF that is likely to encode a Macs. M. thermautotrophicus
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Acs1 (Acs1Mt) has been biochemically and kinetically characterized and shown to have a
strong preference for acetate as the acyl substrate and can also utilize propionate but not
butyrate (20).
Here we describe the kinetic characterization of one Macs from Methanosarcina
acetivorans. In phylogenetic analysis, this sequence does not cluster with the Acs
sequences but is instead positioned near Sa and MACS1, mammalian enzymes that have
been shown to prefer isobutyrate and octanoate, respectively (12). Thus, we predicted this
protein, designated as MacsMa, would utilize longer acyl substrates than Acs. The
preferred acyl substrate was shown to be 2-methylbutyrate, and 2-methylbutyryl-CoA,
AMP, and PPi were the products of the reaction as expected. However, when propionate
was used as the acyl substrate, propionyl-CoA was not produced. Instead, propionylAMP and PPi were released in the absence of CoA, whereas in the presence of CoA the
propionyl-AMP intermediate was broken down to AMP and propionate and released
along with PPi. Similar results were obtained for a Trp416Gly variant of Acs1Mt, which
shows a broader substrate range including straight-chain acyl substrates from two-carbon
acetate to the eight-carbon octanoate and branched-chain acyl substrates from 2methylvalerate to 4-methylvalerate. The Trp416Gly variant also showed an acyl substrate
preference for 4-methylvalerate rather than acetate as for the wild type Acs1Mt.
Furthermore, this variant displayed acyl-CoA synthetase activity with branched chain
acyl substrates but released the acyl-adenylate intermediate when small acyl substrates
were utilized such as propionate and butyrate. These results suggest that although acylCoA synthetases may have the ability to utilize a broad range of substrates for the acyl-
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adenylate forming first step of the reaction, the intermediate may not be suitable for the
thioester-forming second step, in which case the enzyme has devised a mechanism for
breakdown and release of the intermediate.
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III. EXPERIMENTAL PROCEDURES
1. Sequence and phylogenetic analysis
Putative Sacs/Macs amino acid sequences were identified in BLASTp and
tBLASTn searches (2, 3) of sequences at the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/blast) and at the Integrated Microbial
Genomes site of the US. Department of Energy Joint Genome Institute
(http://img.jgi.doe.gov/cgi-bin/pub/main.cgi) using the M. thermautotrophicus Macs
deduced amino acid sequence (ABG78569) as the query. Sacs/Macs sequences were
aligned by Clustal X (42) using a Gonnet PAM 250 weight matrix with a gap opening
penalty of 10.0 and a gap extension penalty of 0.05. Aligned sequences were analyzed
with the MEGA program (25) using a minimum evolution algorithm with a gamma
distance estimation (γ=2). The phylogeny was constructed based on pairwise distance
estimates of the expected number of amino acid replacements per site (0.2 in the scale
bar). One thousand bootstrap replicates were performed and values of 90% or higher are
shown.
2. Cloning and sequencing the M. acetivorans macs gene
The M. acetivorans macs gene was PCR amplified from genomic DNA using the
primer pair 5'-CGCACCCATATGACTTCCTTGCTGAGCCAATTTGTTTCC-3' and 5'CTAAACCTCGAGTCATTGGCTCTGGTCCTTGTCACGG-3'. The PCR product was
cloned into the pET19b expression vector (Novagen, Inc.). The sequence of the cloned
macs gene was confirmed by sequencing at the Clemson University Genomics Institute.
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3. Heterologous enzyme production in Escherichia coli
MacsMa was heterologously produced in E. coli Rosetta Blue (DE3) (Novagen,
Inc.). Cultures were grown at 37°C in LB medium containing 50 µg/ml ampicillin and 34
µg/ml chloramphenicol to A600 = 0.6 and recombinant protein production was induced by
the addition of IPTG to 0.5 mM final concentration. Cells were grown overnight at
ambient temperature and harvested.
4. Purification of MacsMa
Cells with heterologously produced MacsMa were suspended in ice-cold buffer A
(25 mM Tris, 150 mM NaCl, 10% glycerol, 20 mM imidazole, [pH 7.4]), disrupted by
two passages through a French pressure cell at 138 MPa and the cell lysate was clarified
by ultracentrifugation in a Beckman Ti45 rotor at 29,000 rpm for 1 hr. The supernatant
was applied to a 5 ml His-Trap HP column (GE Healthcare) equilibrated with buffer A.
After washing the column with buffer A remove unbound and weakly bound proteins, a
linear gradient from 0 mM to 500 mM imidazole in buffer A was applied to elute
MacsMa. The electrophoretically pure protein was dialyzed against buffer containing 25
mM Tris and 10% glycerol [pH 7.4], aliquoted, and stored at -20°C. Activity was found
to be stable for greater than 6 months at this temperature. Protein concentrations were
determined by the Bradford method (7) using bovine serum albumin as standard.
5. Molecular mass determination
The native molecular mass of MacsMa was determined by gel filtration
chromatography using a Superose 12 column (GE Healthcare) calibrated with
chymotrypsinogen (25 kDa), ovalbumin (43 kDa), albumin (67 kDa), aldolase (158 kDa),
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catalase (232 kDa), ferritin (440 kDa), and blue dextran (2000 kDa). Protein samples (0.2
ml) were loaded onto the column pre-equilibrated with 50 mM Tris [pH 7.5] containing
150 mM KCl and the column was developed at a flow rate of 0.5 ml/min. The subunit
molecular mass of MacsMa was estimated by SDS-PAGE and was in agreement with the
predicted size based on the deduced amino acid sequence.
6. Assay for acyl-CoA and acyl-adenylate production
Production of acyl-CoA and acyl-adenylate was determined by the hydroxamate
reaction (28, 37), in which activated acyl groups are converted to a ferric hydroxamate
complex that can be detected spectrophotometrically at 540 nm. Reaction mixtures
contained 100 mM Tris [pH 7.5] and 600 mM hydroxylamine-HCl [pH 7.0] with varied
concentrations of acyl substrate, MgCl2/ATP, and in some cases CoA. Reactions were
terminated by the addition of two volumes of stop solution (1 N HCl, 5% trichloroacetic
acid, 1.25% FeCl3). Reaction time was empirically determined such that the rate of the
reaction remained linear and was within the standard curve. The standard reaction
temperature of 55°C was based on the optimal temperature determined for MacsMa.
[Note: In cases in which the acyl substrate was soluble in ethanol but not water, the final
concentration of ethanol in the reaction was kept constant at 2%. This concentration was
determined to have minimal effect on enzymatic activity (21)]. All reactions were
performed in triplicate.
7. Assay for inorganic pyrophosphate production
Production of pyrophosphate was determined by direct reaction of PPi with
molybdate reagent to produce PPi-molybdate complex which can be measured at 580 nm
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(34). Reactions (0.3 ml) contained 50 mM Tris-HCl [pH7.5], 4 mM MgCl2, 10 mM
dithiothreitol, and varied concentrations of acyl substrate, ATP and CoA. Reactions were
preincubated at 55°C for 5 min and initiated by addition of enzyme. After 10 min, the
reactions were terminated by the addition of 80 µl H2O, 50 µl 2.5% molybdate reagent
(2.5% ammonium molybdate in 5 N H2SO4), 50 µl 0.5 M 2-mercaptoethanol, and 20 µl
Eikonogen reagent (25 mM sodium sulfite, 13 mM 1-amino-2-naphthol-4-sulfonic acid,
963 mM sodium meta-bisulfite). After color development at RT for 10 min, the
absorbance at 580 nm was measured and PPi concentration was determined by
comparison to a PPi standard curve. All reactions were performed in triplicate.
8. Assay for acyl-CoA production
Acyl-CoA formation was measured using a spectrophotometric assay that detects
thioester bond formation (27). The reaction mixture contained 100 mM Tris-HCl (pH 7.5)
and varying concentrations of acyl substrate and MgATP, in the presence or absence of
0.5 mM CoA. Reactions were initiated by addition of enzyme and the change in
absorbance at 233 nm was monitored continuously using a diode array
spectrophotometer. Acs1Mt and the Archaeoglobus fulgidus Acs2 (Acs2Af) (20) were used
as control enzymes for detection of propionyl-CoA formation by this assay. All reactions
were performed in triplicate.
9. Assay for AMP formation
AMP production was detected via a coupled enzyme assay in which myokinase (MK;
AMP + ATP → 2 ADP), pyruvate kinase (PK; phosphoenolpyruvate + ADP → pyruvate +
ATP), and lactate dehydrogenase (LDH; pyruvate + NADH → lactate + NAD +) couple AMP
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production to NADH oxidation (19). Reactions (0.5 ml) contained 50 mM HEPES [pH 7.5],
1 mM MgCl2, 3 mM phosphoenolpyruvate, 2 mM glutathione, 1 unit PK, 1.5 units LDH, and
0.2 mM NADH, with varied concentrations of acyl substrate and CoA. Reactions were
performed at 55°C, a temperature at which the coupling enzymes were determined to be
sufficiently active to not be rate limiting. To determine kinetic parameters for CoA, both
ATP and acyl substrate were held constant at saturating concentration and CoA was varied
from 0.01 to 2 mM. The reaction was initiated by the addition of enzyme and the change in
absorbance at 340 nm was monitored. An extinction coefficient of 6220 M-1 min-1 for
oxidation of NADH to NAD+ was used to calculate the reaction rate. All reactions were
performed in triplicate.
10. Determination of kinetic parameters
For determination of apparent kinetic parameters, the concentration of one
substrate was varied and the other(s) held constant at saturating level (generally 5-10
times the Km value for that substrate). Concentrations for the varied substrate generally
ranged from 0.2 to 5-10 times the Km value and eight to twelve concentrations were used
for each determination. The apparent steady-state kinetic parameters kcat and kcat/Km and
their standard errors were determined using non-linear regression to fit the data to the
Michaelis-Menten equation using Kaleidagraph (Synergy Software). MacsMa followed
Michaelis-Menten-like kinetics for all substrates.
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IV. RESULTS
Unlike Methanosaeta species, which utilize Acs for activation of acetate as the
substrate for methanogenesis (11, 22, 40), M. acetivorans utilizes the acetate kinasephosphotransacetylase pathway for activation of acetate to acetyl-CoA and an Acs
activity has not been detected in Methanosarcina species (1, 29). However, a BLAST
search of the M. acetivorans genome revealed a putative Macs sequence (Genbank
accession number NP_617808) that is phylogenetically related to Acs but is more closely
related to Sa, lipoate-activating enzyme (LAE), and MACS1 (Fig. 2.1), enzymes with
preferences for C4-C10 acyl substrates (12, 15). The M. acetivorans Macs enzyme, termed
here as MacsMa, was heterologously produced in E. coli as a soluble, active protein and
purified for biochemical and kinetic characterization to determine whether it has activity
toward acetate and could play a role in acetate activation in M. acetivorans.
1. The preferred acyl substrate for MacsMa performing acyl-CoA synthetase activity
is 2-methylbutyrate
The calculated molecular mass for M. acetivorans Macs is 63376 Da. The
molecular mass for the native enzyme was determined by gel filtration chromatography
to be ~76 kDa, suggesting the enzyme is monomeric. The temperature optimum was
determined to be approximately 55°C by hydroxamate assay, with less than 75% activity
at 45°C or below and only ~ 38% activity was left at 65°C (data not shown). The acylCoA synthetase activity of MacsMa was determined with straight- and branched-chain
acyl substrates and the highest acyl-CoA synthetase activity was found with 2methybutyrate. The production of 2-methylbutyryl-CoA, AMP and PPi were confirmed
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and the release of all three products suggests that MacsMa catalyzes acyl-CoA synthesis in
a two-step reaction with enzyme-bound acyl-adenylate intermediate as for other members
of the Sacs/Macs family. The detection of active acyl group demonstrated that the activity
in the absence of CoA was ~ 5% the activity in the presence of CoA (Fig. 2.2) and the
specific activity was increased by 16.8 fold with CoA as compared to the one without
CoA. CoA thioester formation increased by ~18-fold in the presence of 0.5 mM CoA
versus the absence of CoA (data not shown). PPi production was measured with 2methylbutyrate in the absence and presence of CoA. Little to no PPi production was
observed in the absence of CoA. However, the activity was approximately 32-fold higher
in the presence of 0.5 mM CoA versus the absence of CoA (Fig. 2.3). The requirement of
CoA for PPi production by MacsMa is consistent with results observed with Acs1Mt and
AcsAf, proven acetyl-CoA synthetases (Fig. 2.3). To further confirm that the second step
of 2-methylbutyryl-CoA synthesis occurs, a coupled assay was conducted to detect AMP
production. Activity was shown to increase by approximately 169-fold in the presence of
0.75 mM CoA versus the absence of CoA (Fig. 2.4).
These results indicate that MacsMa catalyzes the formation and release of 2methylbutyryl-CoA with 2-methylbutyrate as acyl substrate following the two step acylCoA synthetase reaction mechanism [Eq. 2a and 2b]:
E + 2-methylbutyrate + ATP  E + 2-methylbutyryl-AMP + PPi
[Eq. 2a]
E•2-methylbutyryl-AMP + HSCoA  E + 2-methylbutyryl-CoA + AMP
[Eq. 2b]
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Kinetic parameters have been determined for the 2-methylbutyryl-CoA synthetase
activity of MacsMa (Table 2.1).
Weak acyl-CoA synthetase activity was also observed using hydroxamate assay
with 2-methylpropionate, butyrate, and valerate as acyl substrate, but was too low for
determination of kinetic parameters. Acyl-CoA synthetase activity was not observed with
acetate, propionate, hexanoate, heptanoate, or octanoate, with 3-methyl or 4-methyl
branched-chain acyl compounds, or with 2-methyl branched-chain acyl compounds
longer than 2-methylvalerate. When using the hydroxamate assay which measures the
production of activated acyl groups, several other acyl substrates showed activity in the
absence of CoA, with increased activity in the presence of CoA. With butyrate as the acyl
substrate, activity increased by 1.5-fold in the presence of 2.5 mM CoA versus the
absence of CoA, but decreased rapidly at higher CoA concentrations. A ~1.3-fold
increase in activity was observed in the presence of increasing CoA up to 20 mM with 2methylpropionate or 2-methylvalerate as the acyl substrate. Weak acyl-CoA synthesis
activity was also detected with these substrates.
2. MacsMa releases propionyl-adenylate rather than propionyl-CoA as a product
The preferred acyl substrate for MacsMa as an acyl-CoA synthetase is 2methylbutyrate as stated above, which suggests that MacsMa is a medium-chain acyl-CoA
synthetase. In order to compare the activity with long or branch-chain acyl substrates to
short acyl substrates, acyl-CoA synthetase activity with acetate or propionate was
determined. Activity of MacsMa in the absence of CoA was determined using the
hydroxamate assay which detects activated acyl groups such as acyl phosphate, acyl-
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CoA, and acyl-adenylate (28, 37). The highest activity was observed with propionate as
acyl substrate, while activity was very low with acetate. Activity observed in this assay in
the absence of CoA is consistent with release of the acyl-adenylate intermediate (Fig.
2.2). To determine whether the enzyme-bound acyl-adenylate intermediate can be
detected with this assay, enzymatic activity for Acs1Mt was assayed in the absence and
presence of saturating concentration of CoA. No activity was detected for Acs1Mt in the
absence of CoA (Fig. 2.2), suggesting that free activated acyl groups are detected rather
than the enzyme bound acyl-adenylate intermediate produced in the first step of the acylCoA synthetase reaction.
To further confirm that the propionyl-adenylate is released from MacsMa,
reactions were performed using propionate and ATP at saturating concentrations in the
absence of CoA. Reactions catalyzed by Acs1Mt with acetate and ATP in the absence and
presence of CoA were used as controls. The reactions were then subjected to centrifugal
ultrafiltration in which buffer and molecules under 10,000 Da flow through filter while
the enzyme is retained. The presence of activated acyl groups in the flow through fraction
was assessed by conversion to ferric hydroxamate complex. Activity was detected in the
flow-through fraction for the MacsMa catalyzed reactions in the presence and absence of
CoA, indicating an activated propionyl species was produced and released by MacsMa. In
control experiments using Acs1Mt, an activated acyl group was only observed in the
flowthrough fraction with reactions performed in the presence of CoA but not in the
absence of CoA, which is consistent with the first step of the acyl-CoA synthetase
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reaction, in which the acyl-adenylate intermediate remained enzyme-bound (data not
shown).
Production of PPi was observed for MacsMa with propionate and ATP at saturating
concentrations in the absence of CoA (Fig. 2.3). In control experiments using Acs1Mt and
Archaeoglobus fulgidus Acs2 (Acs2Af) (20) with acetate and ATP at their saturating
concentrations in the absence and presence of CoA, PPi was detected only if CoA was
present (Fig. 2.3). These results suggest that MacsMa catalyzes the formation and release
of propionyl-adenylate and PPi, while Acs retains the acyl-adenylate intermediate and PPi
until CoA binds to the enzyme to initiate the second step of the acyl-CoA synthesis
reaction. AMP production was not detected in the absence of CoA, indicating that the
propionyl-adenylate was formed and then released by MacsMa.
To determine whether propionyl-CoA was produced by MacsMa in the presence of
CoA, CoA thioester formation was measured with propionate and ATP at saturating
concentrations. No thioester-forming activity was detected in the absence of CoA or with
increasing CoA concentrations from 0.1 mM to 0.5 mM. For control reactions conducted
using Acs1Mt and Acs2Af with acetate or propionate as acyl substrate, thioester bond
formation was detected in the presence but not the absence of CoA (data not shown).
Overall, with propionate as acyl substrate, MacsMa releases a propionyl-adenylate
as a product along with PPi in the absence of CoA [Eq. 3]:
E + propionate + ATP  E + propionyl-AMP + PPi

[Eq. 3]

This activity has also been shown for MacsMa homologs from Methanothermobacter
thermautotrophicus and Methanococcus maripaludis (C. Ingram-Smith, C. Goodman, J.
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Neuffer, and K. Smith, data not shown), and is not an anomaly of the M. acetivorans
enzyme.
3. CoA displays noncompetitive inhibition of the formation of a free propionyl-

adenylate and initiates the release of AMP
To determine whether MacsMa retains the ability to bind CoA when producing
propionyl-adenylate from propionate and ATP, we examined the effect of CoA on
propionyl-adenylate production. The propionyl-adenylate release activity of MacsMa was
found to decrease to 42.8% at 20 mM CoA (Fig. 2.5A), and Ki of CoA was determined to
be 14 mM (Fig. 2.5B). To investigate the nature of CoA inhibition, propionyl-adenylate
production was measured in the presence of increasing levels of CoA with the
concentration of one substrate varied and the other held constant. CoA displayed
noncompetitive inhibition versus both propionate and ATP (Fig. 2.5C and 2.5D). To
further examine how CoA inhibits the MacsMa propionyl-adenylate synthetase activity,
we examined AMP production in the presence and absence of CoA. The presence of 1
mM CoA increased the activity by 90-fold versus the absence of CoA (Fig. 2.4). These
results combined with other results suggest CoA affects retention of propionyl-adenylate
such that the second step of the acyl-CoA synthetase reaction can be initiated but cannot
be completed to form propionyl-CoA.
4. Kinetic characterization of the acyl-adenylate synthetase activity of MacsMa

The acyl substrate range and kinetic parameters for acyl-adenylate release have
been determined for MacsMa using the hydroxamate assay (Table 2.2). The highest
catalytic efficiency (kcat/Km) and turnover number (kcat) were observed with propionate
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which also has the lowest kinetic affinity (Km). Although the Km values for propionate
and butyrate are similar, the kcat value with butyrate was over two-fold reduced versus
that with propionate and is reflected by an approximately two-fold reduction in the
catalytic efficiency. The enzyme had 4- to 10-fold reduced Km values for 2methylpropionate, 2-methylbutyrate and 2-methylvalerate as compared to propionate and
the turnover numbers for each of these substrates were also reduced. MacsMa was unable
to utilize valerate, hexanoate, 3-methylbutyrate, 3-methylvalerate, or 4-methylvalerate.
Using propionate as the acyl substrate, ATP, CTP, GTP, TTP, UTP, ITP and ADP
were individually tested for their ability to serve as the nucleotide substrate and activity
was only observed with ATP. Kinetic parameters for ATP were determined with each
acyl substrate (Table 2.3). Similar changes in kcat and Km values found with ATP as
observed for different acyl substrates. The lowest Km value for ATP was observed with 2methylbutyrate as the acyl substrate, with 18-fold reduced Km compared to that observed
with propionate; in turn, the turnover rate decreased by approximately 67-fold. A
corresponding decrease in both the kcat and Km values for ATP was observed as those
values for acyl substrates decreased. Thus, the lower saturating concentration of acyl
substrate for the enzyme results in the lower turnover rate of releasing acyl-adenylate as
product.
5. Methanothermobacter thermautotrophicus Acs1 Trp416Gly variant releases a free
acyl-adenylate with propionate and butyrate in the absence of CoA
To determine if other medium-chain acyl-CoA synthetases have the ability to
catalyze the formation and release of acyl-adenylate with small acyl substrates, an Acs1Mt
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Trp416Gly variant was utilized to examine the acyl-adenylate synthetase activity with
propionate and butyrate. Structural modeling of Acs1Mt active site (21) revealed that
Trp416 has a key role in determining acyl substrate utilization by forming the back of the
active site pocket. Replacement of Trp416 by a smaller Gly opened the back of acyl
substrate binding pocket to accommodate the longer acyl substrates. Not surprisingly, the
Trp416Gly alteration in Acs1Mt shifted the acyl substrate preference from acetate to 4methylvalerate (21). Acyl-adenylate synthetase activity was observed with both
propionate and butyrate (Fig. 2.6) using the hydroxamate assay. Activity increased by
~1.5- to 1.6-fold in the presence of 0.5 mM CoA with propionate and butyrate. Little
activity was found with 4-methylvalerate in the absence of CoA, while the activity was
increased by 15.6-fold in the presence of 1 mM CoA (Fig. 2.6).
The production of PPi was also determined for Acs1Mt Trp416Gly variant with
propionate, butyrate and 4-methylvalerate in the absence and presence of CoA. Little PPi
production was detected with 4-methylvalerate in the absence of CoA and increased 15.6fold in the presence of CoA. Significant PPi production was observed in the absence of
CoA with propionate or butyrate as acyl substrate. Activity increased by 1.5- and 2.7-fold
in the presence of CoA with propionate and butyrate, respectively (Fig. 2.7). These
results suggest that Acs1Mt Trp416Gly, which utilizes 4-methylvalerate as the preferred
acyl substrate for acyl-CoA synthetase activity, catalyzes the acyl-adenylate synthesis
and release with short acyl substrates. The similarity in the results observed for Acs1Mt
Trp416Gly and MacsMa indicates that although medium-chain acyl-CoA synthetases may
have the ability to utilize a broad range of substrates for the acyl-adenylate forming first
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step of the reaction, the intermediate may not be suitable for the thioester-forming second
step, in which case the enzyme has devised a mechanism for breakdown and release of
the intermediate.
6. AMP and PPi inhibition of MacsMa versus Acs
To examine whether the acyl-adenylate synthetase and acyl-CoA synthetase
activities of MacsMa follow a general mechanism similar to that for Acs, AMP and PPi
inhibition of each activity was determined and compared to AMP and PPi inhibition of
Acs1Mt. In addition, AMP and PPi inhibition of the Acs1Mt Thr313Lys variant was tested.
The Acs1Mt Thr313Lys variant produces and releases an acetyl-adenylate and is unable to
utilize CoA as a substrate (21).
PPi was found to exert an inhibitory effect on both the acyl-adenylate synthetase
and acyl-CoA synthetase activities of MacsMa (Fig. 2.8A). PPi was also found to inhibit
the acyl-CoA synthetase activity of Acs1Mt and the acyl-adenylate synthetase activity of
the Acs1Mt Thr313Lys variant. AMP was shown to strongly inhibit the propionyladenylate synthetase activity of MacsMa and the Thr313Lys Acs1Mt variant (Fig. 2.8B). For
the acyl-CoA synthetase activity of MacsMa, represented by the activity observed in the
presence of 2-methylbutyrate with CoA, only weak inhibition by AMP was observed.
This is in contrast to the strong inhibition of Acs1Mt acyl-CoA synthetase activity by
AMP.
CoA has already been shown to inhibit the acyl-adenylate synthetase activity of
MacsMa observed in the presence of propionate as the acyl substrate, but is a substrate for
acyl-CoA synthesis in the presence of 2-methylbutyrate as acyl substrate. However, CoA
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did not inhibit the acyl adenylate synthetase activity of the Acs1Mt Thr313Lys variant (21)
(data not shown) and instead showed a slight stimulatory effect at very high (20 mM)
CoA concentration.
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V. DISCUSSION
1. MacsMa is a medium-chain acyl-CoA synthetase with 2-methylbutyrate as
preferred acyl substrate
The characterized members of the Sacs/Macs family are the acetyl- and
propionyl-CoA synthetases, which utilize the very short chain acyl substrates acetate and
propionate (8, 9, 11, 19-22), and Sa, MACS1, LAE, and FadK, which utilize a range of
slightly longer straight chain and branched chain acyl substrates (12, 15, 31). Regardless
of the substrate preference, all of the previously characterized Sacs enzymes catalyze the
formation of acyl-CoA from an acyl substrate, ATP, and CoA.
Phylogenetically, MacsMa belongs to the acyl-CoA synthetase family and with
other methanoarchaeal Macs sequences form a branch in the clade that includes Sa, LAE,
and MACS1 (Fig. 2.1). As expected that MacsMa may utilize longer straight chain and
branched chain acyl substrates, 2-methylbutyrate was shown to be the preferred acyl
substrate for acyl-CoA synthetase activity of MacsMa. The production of 2-methylbutyrylCoA, AMP and PPi were confirmed indicating that MacsMa catalyzes the acyl-CoA
synthesis in two-step reaction by forming acyl-adenylate as an intermediate. With shorter
acyl substrates such as propionate, MacsMa was characterized to release propionyladenylate as a free product. Four lines of evidence suggested that MacsMa catalyzes the
first step of the acyl-CoA synthetase reactions and releases a free propionyl-adenylate.
First, activity was observed in the complete absence of CoA using the hydroxamate
reaction. Second, the enzyme-bound acyl-adenylate produced in the first step of the acylCoA synthetase reaction of Acs1Mt could not be detected by this assay, but a free acyl-
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adenylate could be detected for MacsMa. Third, PPi , which was not detected in Acs1Mt
catalyzed acetyl-CoA synthesis reaction in the absence of CoA, was found to be the other
product of the reaction catalyzed by MacsMa. Finally, little to no AMP was observed in
the absence of CoA for MacsMa using a coupled assay, which suggested that propionyl
adenylate wasn’t degraded into propionyl and AMP.
Further investigation of the effect of CoA on MacsMa revealed that CoA inhibits
the release of propionyl-adenylate from the enzyme and initiates the release of AMP.
With 2-methylbutyrate as acyl substrate, MacsMa performed acyl-CoA synthetase activity.
Activated acyl activity, thioester activity, formation of PPi and AMP were found to
increase as the concentration of CoA increased. In a comparison of the kinetic parameters
for 2-methylbutyryl-adenylate synthetase activity with 2-methylbutyryl-CoA synthetase
activity, The Km values for ATP and 2-methylbutyrate increased by roughly 3- and 11fold for 2-methylbutyryl-CoA synthetase compared to 2-methylbutyryl-adenylate
synthetase activity of MacsMa. With butyrate, 2-methylpropionate, MacsMa showed a
mixture of acyl-adenylate and acyl-CoA synthetase activities. Similar results were
obtained for a Trp416Gly variant of the Acs1Mt which shows a broader substrate range and
prefers longer acyl substrates than wild type Acs. These results suggest that although
acyl-CoA synthetases may have the ability to utilize a broad range of substrates for the
acyl-adenylate forming first step of the reaction, the intermediate may not be suitable for
the thioester-forming second step, in which case the enzyme has devised a mechanism for
breakdown and release of the intermediate.
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2. The molecular basis for the activity of MacsMa remains unknown
In studies with Acs1Mt, we found that replacement of the acetate binding pocket
residue Thr313 with Lys rendered the enzyme unable to catalyze the second step of the
Acs reaction (21). The Thr313Lys Acs1Mt variant could not utilize CoA and released
acetyl-adenylate. Although all MacsMa sequences have Lys at the position equivalent to
Thr313 of Acs1Mt, this Thr→Lys alteration cannot be the sole reason that Macs Ma releases
propionyl-adenylate and cannot catalyze the second step. Sa has this same alteration yet
catalyzes the two step reaction to produce acyl-CoA (12, 15, 31). However, it is not
known whether Sa has acyl-adenylate synthetase activity. The presence of this Lys in the
acyl substrate binding site of MacsMa and the results observed with the Thr313Lys Acs1Mt
variant certainly suggest this residue may play a key role in determining which enzymatic
activity is utilized. This Lys has been altered in MacsMa and it was observed that both the
acyl-adenylate synthetase and acyl-CoA synthetase activities were greatly reduced (Y.
Meng*, C. Ingram-Smith*, et al. Manuscript submitted)
The recently published 2.1 Å crystal structure of a medium acyl-CoA synthetase
identified from MacsMa (38), resolved in unliganded state, showed the conformation with
C-terminal positioned similar to the Acs structure bound to adenosine-5´propylphosphate and CoA (23). Inspection of the structure of MacsMa (38) in comparison
to the two structures for Acs (17, 23) revealed a residue Trp259 that truncates the acyl
substrate binding pocket by forming a ‘floor’ that prevents the MacsMa enzyme from
binding to larger acyl substrates. Trp416 in Acs1Mt which was confirmed to determine the
acyl substrate utilization (21) is positioned similarly to this residue in MacsMa.
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Comparison between the MacsMa crystal structure (38) and that of CBAL (36)
suggests that MacsMa binds the CoA nucleotide in a similar manner, where CoA interacts
more strongly with the residue of the C-terminal domain.
3. MacsMa and LAE catalyze similar partial reactions
LAE is the only other enzyme characterized from the Sacs/Macs family that has
an activity similar to that of MacsMa. Lipoic acid serves as a prosthetic group for the Hprotein of the glycine cleavage system and the acyltransferase components of the
pyruvate, α-ketoglutarate, and branched-chain α-ketoacid dehydrogenase complexes (13,
14, 32, 35). In mammals, separate proteins catalyze the two steps of the lipoylation
reaction. LAE catalyzes the activation of lipoate in the first step and lipoyltransferase
catalyzes the transfer of the lipoyl moiety to the target protein in the second step (15).
Fujiwara et al. (15) purified the bovine LAE from liver mitochondria. This
enzyme was isolated for its ability to catalyze the activation of lipoate for use by
lipoyltransferase and showed highest acyl-activating adenylating activity with octanoate,
decanoate, and lipoate. Since phylogenetic analysis showed this enzyme belongs to the
Sacs/Macs famly, acyl-CoA synthetase activity was also assayed. The enzyme exhibited
the highest acyl-CoA synthetase activity with hexanoate, but also showed moderate
activity with butyrate and octanoate.
Interestingly, this bifunctional enzyme utilizes GTP for the acyl-guanidylate
synthetase activity, but utilizes ATP for acyl-CoA synthesis (15). Lipoyltransferase can
utilize both lipoyl-GMP and lipoyl-AMP well. However, lipoyl-GMP appears to be easily
released from LAE, whereas lipoyl-AMP is retained in the active site. Thus, GTP is the
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preferred substrate for formation of activated lipoate (lipoyl-GMP) for utilization by
lipoyltransferase. Acyl-AMP is the preferred intermediate for acyl-CoA synthesis, as it
retained in the active site and thus is present to react with CoA in the second step of the
reaction.
In a Sacs/Macs phylogeny (Fig. 2.1), LAE is distantly related to Acs and although
closely related to MacsMa, resides in a group with Sa and MACS1 distinct from the
MacsMa group (data not shown). In fact, the bovine LAE characterized by Fujiwara et al.
(15) shows 75% identity and 84% similarity to the human MACS1 characterized by
Fujino et al. (12), suggesting that these are homologs. MACS1 and Sa were shown to
require both ATP and CoA for activity, suggesting these enzymes are not capable of acylactivation as observed for LAE. However, the spectrophotometric and isotopic enzyme
assays used for those studies measure formation of acyl-CoA and would not detect
formation of a free acyl-adenylate (12). Thus, it is possible that these enzymes may also
have acyl-activating activity in the presence of GTP, as observed for LAE. MacsMa was
tested for both acyl-CoA synthetase and acyl-activating activity with ATP or GTP as the
nucleotide substrate, but was unable to utilize GTP for either enzymatic activity.
Trivedi et al. (43) identified a class of FadD enzymes from Mycobacterium
tuberculosis that activate long-chain fatty acids for utilization by polyketide synthases.
These enzymes, designated as FAAL for fatty acyl-AMP ligase activate long-chain fatty
acids as acyl-adenylates rather than acyl-CoA thioesters (43). A fatty acyl-AMP product
was formed by these enzymes even in the presence of CoA. Whether these FAALs can
catalyze acyl-CoA thioester formation in the presence of a nucleotide substrate other than
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ATP was not determined. The FadDs are distantly related to the Sacs, including MacsMa,
MACS1, and LAE, and there is low sequence identity (~20%) between these groups even
though they are part of the acyl-adenylate-forming enzyme superfamily.
4. MacsMa is limited to select strict anaerobes from the Bacteria and Archaea
BLAST searches of the nonredundant protein sequence database at National
Center for Biotechnology Information and the Integrated Microbial Genomes system
available through the DOE Joint Genome Institute (http://img.jgi.doe.gov), combined
with phylogenetic analysis (Fig. 2.1), revealed that an ORF encoding a putative MacsMa
ortholog is present only in the genomes of a limited number of bacteria or archaea. The
archaeal MacsMa sequences are all from the strictly anaerobic methanogenic archaea, and
of the 22 finished or draft methanoarchaeal genome sequences available through the
Integrated Microbial Genomes system, only three did not have an ORF encoding Macs.
Interestingly, three methanoarchaea had two genes encoding macs; in the case of
Candidatus Methanoregula boonei these genes are adjacent. Within the bacteria, macs
sequences appeared only in select strict anaerobes, with the majority from the orders
Clostridiales and the Bacteroidales. Phylogenetic analysis of nearly 400 Sacs/Macs
sequences revealed that the Macs sequences form a clade that is strongly supported by
bootstrap value (Fig. 2.1). This clade is distinct from the clades containing Sa, LAE, and
MACS1 sequences and the Acs and propionyl-CoA synthetase sequences.
5. A possible physiological role for MacsMa
Inspection of the region surrounding the MacsMa gene in the methanoarchaeal
genomes revealed gene conservation downstream and/or upstream that may suggest a
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role for MacsMa. The vorCBA operon encoding the three subunits of ketoisovalerate
oxidoreductase (Vor) (41) is found adjacent to the macs gene in the 14 of the 19
methanoarchaeal genomes with MacsMa. The vorCBA operon is located downstream of
MacsMa in 13 of these genomes but is found upstream of macs in Methanospirillum
hungatei. Of those genomes that have macs but lack vorCBA, namely Candidatus M.
boonei, Methanocella sp. RC-1, Methanocorpusculum labreanum Z, Methanoculleus
marisnigri JR1, and Methanosphaera stadtmanae, all but Methanocella sp. RC-1 instead
have the kor operon encoding 2-ketoglutarate ferredoxin oxidoreductase.
Fusion of MacsMa and vorC in Methanosaeta thermophila and the presence of the
vorCBA operon downstream of the majority of the methanoarchaeal MacsMa genes
suggest that MacsMa and Vor may interact and have integrated roles. The most straight
forward explanation would be that branched chain acyl-CoA produced by MacsMa serves
as a substrate for Vor. Vor was originally discovered in Pyrococcus and Thermococcus
species (18, 24). In these peptide-utilizing hyperthermophilic archaea, Vor is responsible
for CoA-dependent oxidation of branched-chain 2-ketoacids derived from valine, leucine,
isoleucine, and methionine (18, 24). The acyl-CoA derivatives are then converted to fatty
acids and CoA in an ATP-generating reaction catalyzed by the ADP-forming acetyl-CoA
synthetase (30).
M. thermautotrophicus has been shown to assimilate acetate into alanine,
propionate into isoleucine, succinate into glutamate, and phenylacetate into phenylalanine
(41), indicating that Vor and the related enzymes Por (pyruvate oxidoreductase), Kor (2ketoglutarate oxidoreductase), and Ior (indolepyruvate oxidoreductase) have an anabolic
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function in the biosynthesis of amino acids (41). In the bacteria, there is no vorCBA
operon downstream of MacsMa. The bacteria that have MacsMa do have genes with high
identity (45-55%) to the methanoarchaeal alpha, beta, and gamma subunits of the
Vor/Por/Kor/Ior family of genes, but these genes are remote from the MacsMa gene.
However, this does leave open the possibility that MacsMa functions with Vor in the
bacteria as well as in the methanoarchaea.
Proteomic and microarray data on expression of MacsMa is absent in the bacterial
species and is incomplete in the methanoarchaeal species. However, microarray data
from M. maripaludis indicate that MacsMa is expressed in both defined rich medium and
minimal medium (46). Both microarray and proteomics studies suggest that vorCBA and
MacsMa are coordinately regulated, as would be expected if the protein products formed a
pathway (33, 46).
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VI. CONCLUSION
Results of this study clearly indicate that MacsMa is a medium-chain acyl-CoA
synthetase within the Sacs/Macs family with 2-methylbutyrate as the preferred acyl
substrate. With shorter acyl substrate propionate, propionyl-CoA was not produced.
Instead, propionyl-AMP and PPi were released in the absence of CoA, whereas in the
presence of CoA, the propionyl-AMP intermediate was broken down to AMP and
propionate and released along with PPi. Similar results were obtained for a Trp416Gly
variant of the Methanothermobacter thermautotrophicus Acs1 (Acs1Mt) which shows a
broader substrate range and prefers longer acyl substrates than wild type Acs. These
results suggest that although acyl-CoA synthetases may have the ability to utilize a broad
range of substrates for the acyl-adenylate forming first step of the reaction, the
intermediate may not be suitable for the thioester-forming second step, in which case the
enzyme has devised a mechanism for the release of the propionyl-adenylate intermediate.
With butyrate and 2-methylpropionate, MacsMa has both acyl-adenylate and acyl-CoA
synthetase activity. The recently determined MacsMa crystal structure (38) and kinetic
analysis of site-directed variants is expected to help elucidate the molecular basis for the
nature of this enzyme and may lead to a better understanding of the mechanism of the
acyl-CoA synthetases as well.
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Substrate

Km

kcat

kcat/Km

(mM)

(sec-1)

(sec-1 mM-1)

CoA

4.09 ± 0.45

2.15 ± 0.10

0.53 ± 0.030

2-methylbutyrate

8.92 ± 0.51

1.58 ± 0.07

0.18 ± 0.002

ATP

4.21 ± 0.11

1.94 ± 0.02

0.46 ± 0.006

Table 2.1 Kinetic parameters for acyl-CoA formation in the presence of 2-methylbutyrate.

Substrate

Km

kcat

kcat/Km

(mM)

(sec-1)

(sec-1 mM-1)

Acetate

*

*

*

Propionate

29.1 ± 0.30

4.78 ± 0.04

0.164 ± 0.001

Butyrate

27.9 ± 0.77

2.01 ± 0.02

0.073 ± 0.002

2-methylpropionate

6.3 ± 0.06

0.537 ± 0.007

0.085 ± 0.001

2-methylbutyrate

2.7 ± 0.16

0.210 ± 0.003

0.075 ± 0.003

2-methylvalerate

5.3 ± 0.17

0.327 ± 0.003

0.062 ± 0.001

*Activity was too low for determination of kinetic parameters.
Table 2.2 Kinetic parameters for acyl-adenylate formation
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Acyl substrate

Km

kcat

kcat/Km

(mM)

(sec-1)

(sec-1 mM-1)

Acetate

*

*

*

Propionate

6.90 ± 0.75

10.67 ± 1.34

1.54 ± 0.07

Butyrate

6.72 ± 0.51

4.98 ± 0.09

0.74 ± 0.04

2-methylpropionate

1.66 ± 0.05

1.09 ± 0.004

0.66 ± 0.02

2-methylbutyrate

0.38 ± 0.01

0.16 ± 0.005

0.43 ± 0.01

2-methylvalerate

3.51 ± 0.10

0.39 ± 0.002

0.11 ± 0.002

*:Activity was too low for determination of kinetic parameters.
Table 2.3 Kinetic parameters for ATP utilization in the presence of different acyl substrates.
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Figure 2.1 Phylogeny of Macs sequences. A phylogeny of putative Macs sequences and a subset of proven
ACSs and SACSs from the finished and unfinished genome sequences available at NCBI and DOE JGI was
constructed using the neighbor joining algorithm of MEGA (18). Eukaryotic sequences are indicated in red,
bacterial sequences in black, and archaeal sequences in blue. The separation of the Macs and
Sa/MACS/LAE sequences into distinct clades and their presence in a larger clade that is distant from the
Acs clade are similar to the results observed with a larger Sacs/Macs phylogeny of nearly 400 sequences.
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Figure 2.2 Active acyl group formation catalyzed by MacsMa with 2-methylbutyrate or propionate as acyl
substrate in the absence or presence of CoA. Active acyl group formation was determined for MacsMa with
2-methylbutyrate or propionate and Acs1Mt with acetate as acyl substrates in the absence (gray bars) or
presence (black bars) of 15 mM CoA (MacsMa with 2-methylbutyrate) or 0.5 mM CoA (MacsMa with
propionate and Acs1Mt with acetate). Activities for each enzyme are reported as a percentage of the activity
observed in the presence of CoA (100%) for that enzyme. The amount of enzyme in each reaction was 53
μg, 16.8 μg for MacsMa, Acs1Mt respectively. The specific activity as 100% for MacsMa with either 2methylbutryate or propionate, Acs1Mt, was 1.6, 3.5, and 25.1 μmole/min/mg, respectively.
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Figure 2.3 PPi production catalyzed by MacsMa with 2-methylbutyrate or propionate as acyl substrate in the
absence or presence of CoA. PPi production catalyzed by MacsMa, Acs1Mt and Acs2Af were determined in
the absence (gray bars) or presence (black bars) of 0.5 mM CoA. Activities for each enzyme are reported as
a percentage of the activity observed in the presence of 0.5mM CoA (100%) for that enzyme. Acetate was
utilized as acyl substrate for Acs1Mt or Acs2Af enzymatic activity. The amount of enzyme in each reaction
was 2.5 μg, 0.26 μg, and 0.44 μg for MacsMa, Acs1Mt, and Acs2Af, respectively. The specific activity as
100% for MacsMa with either 2-methylbutryate or propionate, Acs1Mt, or Acs2Af was 2.1, 1.7, 9.9, and 17.4
μmole/min/mg, respectively.
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Figure 2.4 AMP production by MacsMa in the presence or absence of CoA with either 2-methylbutyrate or
propionate as acyl susbtrate. MacsMa enzymatic activity with 2-methylbutyrate or propionate was measured
using a coupled NADH oxidation assay in the absence (gray bars) and the presence (black bars) of CoA.
Activities with each acyl substrate are reported as a percentage of the activity observed in the presence of
1mM CoA (100%). The amount of enzyme in each reaction was 53 μg. The specific activity as 100% for
MacsMa with either 2-methylbutryate or propionate was 2.2 and 1.7 μmole/min/mg, respectively.
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Figure 2.5 CoA inhibition of MacsMa acyl-adenylate synthetase activity with propionate was measured
using hydroxamate assay. (A) Plot of percentage of MacsMa activity in the presence of increasing CoA
concentrations. Activities with increasing CoA concentrations are reported as a percentage of the activity
observed in the absence of CoA (100%). (B) Plot of MacsMa reverse activity in the presence of increasing
CoA concentrations. (C) Reciprocal plot of 1/v versus 1/[propionate] at different CoA concentrations. (D)
Reciprocal plot of 1/v versus 1/[ATP] at different CoA concentrations. The amount of enzyme in each
reaction was 53 μg.
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Figure 2.6 Retention or release of the acyl-adenylate by the Acs1Mt Trp416Gly variant in the absence or
presence of CoA. Enzymatic activities were measured using the hydroxamate assay in the absence (gray
bars) or presence (black bars) of CoA. Activities with each acyl substrate are reported as a percentage of
the activity observed in the presence of CoA (100%). The amount of enzyme in each reaction was 28 μg
with butyrate and 4-methylvalerate and 16.8 μg with propionate. The specific activity as 100% for Acs1Mt
Trp416Gly variant with propionate, butyrate, or 4-methylvalerate was 21.4, 10.9, and 13.3 μmole/min/mg,
respectively.
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Figure 2.7 PPi release by the Acs1Mt Trp416Gly variant with various acyl substrates in the presence or
absence of CoA. PPi release was determined in the absence (gray bars) or presence (black bars) of CoA.
Activities with each acyl substrate are reported as a percentage of the activity observed in the presence of
CoA (100%). The amount of enzyme in each reaction was 0.168 μg. The specific activity as 100% for
Acs1Mt Trp416Gly variant with propionate, butyrate, or 4-methylvalerate was 38.1, 47.0, and 1.6
μmole/min/mg, respectively.
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Figure 2.8 (A) PPi inhibition of acyl-adenylate synthetase and acyl-CoA synthetase activity. Acyl-CoA
synthetase activity of MacsMa and Acs1Mt and acyl-adenylate synthetase activity of MacsMa and Acs1Mt
Thr313Lys variant were measured in the presence of increasing concentration of PPi. Gray bars, activity in
the absence of PPi; black bars, activity in the presence of 20 mM PPi. (B) AMP inhibition of acyl-adenylate
synthetase and acyl-CoA synthetase activity. Acyl-CoA synthetase activity of MacsMa and Acs1Mt and acyladenylate synthetase activity of MacsMa and Acs1Mt Thr313Lys variant were measured in the presence of
increasing concentration of AMP. Gray bars, activity in the absence of AMP; black bars, activity in the
presence of 50 mM AMP.
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CHAPTER III
CHARACTERIZAION OF SUBSTRATE BINDING POCKET OF
METHANOSARICINA ACETIVORANS MEDIUM-CHAIN
ACYL COENZYME A SYNTHETASE (MACSMA)

I. ABSTRACT
Methanosarcina acetivorans medium-chain acyl CoA synthetase (MacsMa), a
member of adenylate-forming enzyme superfamily, is phylogenetically related to AMPforming acetyl-CoA synthetase (Acs) but is more closely related to human Sa, MACS1,
and lipoate-activating enzyme (LAE) that prefer C4-C10 acyl substrates. MacsMa catalyzes
acyl-CoA synthesis in a two-step reaction with preference for 2-methylbutyrate as acyl
substrate. However, it releases acyl-adenylate with small acyl substrates such as
propionate without being able to utilize CoA for thioester-forming step of the reaction.
The recently published structure of MacsMa has revealed the putative acyl substrate and
CoA binding pockets. Through inspection of the MacsMa structure and amino acid
sequence alignment of Sacs/Macs/CBAL, six residues proposed to form the acyl substrate
binding pocket, Lys256, Cys298, Gly351, Trp259, Trp237, and Trp254 were targeted for
alteration. Our results indicated that these six residues are critical in acyl substrate
binding and catalysis and even conservative alterations significantly reduced the catalytic
ability of the enzyme. The Lys256Leu variant decreased the temperature optimum by
10°C, indicating that Lys256 had an important role in stabilizing the structure of the
enzyme. Meanwhile, seven residues proposed to be involved in CoA binding, Lys519,
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Lys461, Gly459, Tyr460, Arg490, Tyr525, and Tyr527 in MacsMa were also investigated. The
results suggested that the CoA binding pocket of MacsMa is similar to 4chlorobenzoate:coenzyme A ligase (CBAL) with four essential residues, Tyr460, Arg490,
Tyr525, and Tyr527. Alterations of these residues in MacsMa greatly affect CoA binding and
catalysis without affecting the first half adenylate formation step significantly. One
common property of MacsMa, CBAL and Acs is that each interacts with the 3'-phosphate
group of CoA using a positively charged side chain (Lys or Arg). Lys519 of MacsMa,
which interacts with the 3'-phosphate group of CoA, was shown to be important in not
only CoA binding and catalysis but also the overall structural stability as the alteration to
Ala rendered the enzyme unable to catalyze either the first or the second half reactions.
Furthermore, the 3'-phosphate of CoA was found to be critical in CoA catalysis for
MacsMa as it was unable to utilize 3'-dephospho CoA as a substrate. However, Acs is still
be able to utilize 3'-dephospho CoA well, although the catalytic efficiency (kcat/Km) for 3'dephospho CoA was decreased by 26.5-fold in comparison to that for CoA. Thus, MacsMa
differs from Acs in CoA binding and catalysis.
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II. INTRODUCTION
Methanosarcina and Methanosaeta are the only two methanogens that are able to
utilize acetate as substrate for methane production. Unlike Methanosaeta species, which
utilize Acs for catalyzing the first step of methanogenesis (16, 28), Methanosarcina
species have the acetate kinase-phophotransacetylase (AK-PTA) pathway for activating
acetate into acetyl-CoA and an Acs activity has not been observed in Methanosarcina (1,
20, 25, 27). A medium-chain acyl-CoA synthetase in Methanosarcina acetivorans
(MacsMa) has recently been purified and characterized to display acyl-CoA synthetase
activity with 2-methylbutyrate as preferred acyl substrate (Y. Meng et al. Manuscript
submitted).
Blast searches of homologs of MacsMa revealed the presence of putative Macs
orthologs in a limited number of anaerobic bacteria and methanogens (Y. Meng et al.
Manuscript submitted). According to the phylogenetic analyses, MacsMa belongs to
adenylate-forming enzyme suprefamily. Although MacsMa is related to Acs, it is more
closely related to Sa, lipoate-activating enzyme (LAE), and Macs1, enzymes with
preferences for C4-C10 acyl substrates (9, 10). MacsMa catalyzes the synthesis of 2methylbutyryl-CoA in two-step reaction [Eq. 1a and Eq. 1b] through a 2-methylbutyrylAMP intermediate as Acs (4-6, 30).
E + 2-methylbutyrate + ATP  E + 2-methylbutyryl-AMP + PPi
[Eq. 1a]
E•2-methylbutyryl-AMP + HSCoA  E + 2-methylbutyryl-CoA + AMP
[Eq. 1b]
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In addition to the medium-chain acyl-CoA synthetase activity, MacsMa has also
been demonstrated to catalyze the release of acyl-adenylate with propionate [Eq. 2] as
acyl substrate (Y. Meng et al. Manuscript submitted).
E + propionate + ATP  E + propionyl-AMP + PPi

[Eq. 2]

The structures of Acs representing conformations in both adenylation- and
thioester-forming steps have been resolved in yeast Saccharomyces cerevisiae (12) and
Salmonella enterica enzymes (17), respectively. In the 2.3 Å structure of the trimeric
yeast Acs1 in a binary complex with AMP, the C-terminal domain is positioned away
from the N-terminal domain and this conformation is believed to be that for catalysis of
the first half adenylation-forming step (12). The 1.75 Å structure of the monomer S.
enterica Acs (17) was solved in the presence of both CoA and adenosine-5'propylphosphate, an inhibitor of the releated propionyl-CoA synthetase (11, 13) to mimic
the acetyl-adenylate intermediate. This structure suggests that the C-terminal domain of
Acs is rotated 140° toward the N-terminal domain for catalysis of the second half
thioester-forming step.
Recently, the 2.1 Å crystal structure of MacsMa in the absence of any substrate has
been reported to be in a similar conformation of the S. enterica Acs (17) especially in Cterminal domain position (26). Comparison of the structure of MacsMa (26) suggested it
had a similar CoA binding pocket to 4-chlorobenzoate:coenzyme A ligase (CBAL) (23),
which is a member of adenylate-forming enzyme superfamily and catalyzes the synthesis
of 4-chlorobenzoyl-CoA in a two-step reaction. Residues that are involved in the CoA
binding pocket of CBAL have been characterized (31). Phe473 and Tyr460 are two
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aromatic residues from C-terminal domain forming stacking interactions to accommodate
adenine moiety of CoA. Arg475 in CBAL is believed to interact with 3´-phosphate of CoA
according to the structure. Alterations of these three residues to Ala resulted in dramatic
decrease in catalysis of the second half thioester step with slight affect on the first half
adenylation step (31).
In this chapter, I report identification of the acyl substrate and CoA binding
pockets in the MacsMa. My characterization of this medium-chain acyl-CoA synthetase
demonstrated that it utilizes branched-chain acyl substrates for acyl-CoA synthesis, but
utilizes the short acyl substrate, propionate, to catalyze the first step by releasing acyladenylate (Y. Meng et al. Manuscript submitted). Thus, it is an excellent candidate to
study the first adenylation formation and the second thioester formation steps
individually. Through inspection of the M. acetivorans Macs structure and alignment of
Macs, Acs, and CBAL sequences, I identified six and seven residues that form the
putative acyl binding pocket and CoA binding pocket, respectively. Alterations of these
residues have been made to investigate the role of these residues in either acyl substrate
or CoA binding and catalysis. The results suggest Tyr525, Tyr460, Arg490, and Tyr527 in
MacsMa are essential in CoA binding and catalysis and replacements at these positions
eliminate the acyl-CoA synthetase activity without affecting acyl-adenylate synthetase
activity significantly. With respect to acyl binding, MacsMa has a highly conserved pocket
and alterations of the candidate residues dramatically diminish the activity of acyladenylate synthetase.
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III. EXPERIMENTAL PROCEDURES
1. Materials
Chemicals were purchased from VWR Scientific Products, Sigma Chemical, or
Fisher Scientific. Oligonucleotides for site-directed mutagenesis were purchased from
Integrated DNA Technologies (Coralville, Iowa).
2. Site-Directed Mutagenesis
Site-directed mutagenesis of the gene encoding the M. acetivorans Macs was
performed using the QuickChange site-directed mutagenesis kit (Stratagene) according to
the manufacturer’s instructions. Mutagenic primers were 30-40 nucleotides in length with
the altered base located at the middle of the sequence. The altered sequences were
confirmed by Sanger-style sequencing at the Clemson University Genomics Institute
(CUGI).
3. Analysis of Short- and Medium-chain Acyl-CoA Synthetases and CBAL
Sequences
Using the MacsMa sequence as the query, the nonredundant protein and nucleotide
sequence databases at the National Center for Biotechnology Information (NCBI) were
searched for short- and medium-chain acyl-CoA synthetase and CBAL sequences
through utilization of the BLASTp and tBLASTn programs (2, 3). Sequences were
aligned by Clustal X (29) using a Gonnet PAM 250 weight matrix with a gap opening
penalty of 10.0 and a gap extension penalty of 0.05.
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4. Heterologous Production and Purification of MacsMa Variants
Wild-type MacsMa and its variants were heterologously produced in Escherichia
coli Rosetta Blue (DE3) (Novagen). Cells were grown at 37°C in LB medium with 50
μg/ml ampicillin and 34 μg/ml chloramphenicol to an absorbance of 0.4-0.6 at 600 nm.
Heterologous production of wild-type enzyme or enzyme variant was induced by the
addition of IPTG to a final concentration of 0.5 mM. Cells were incubated at 200 rpm
overnight at ambient temperature and harvested. Cells with heterologously produced
wild-type Macs or variant of Macs were suspended in ice-cold buffer A (25 mM Tris,
10% glycerol, [pH 7.5]), disrupted by passing them twice through a French pressure cell
at 138 Mpa and the cell lysate was clarified by ultracentrifugation in a Beckman Ti45
rotor at 29,000 rpm for 2 hrs. The supernatant was applied to a 5 ml His-Trap HP column
(GE Healthcare) equilibrated with buffer A (25 mM Tris, 500 mM NaCl, 10% glycerol,
20 mM imidazole, [pH7.5]). After washing the column with buffer A to remove unbound
and weakly bound proteins, a linear gradient from 0 mM to 500 mM imidazole in buffer
A (25 mM Tris, 500 mM NaCl, 10% glycerol, 500 mM imidazole, [pH7.5]) was applied
to elute Macs. The electrophoretically pure protein was dialyzed against buffer A (25 mM
Tris, 10% glycerol, [pH 7.5]), concentrated and finally frozen at -20°C. Activity was
found to be stable for greater than 6 months at this temperature. Protein concentrations
were determined by the Bradford method (7) using bovine serum albumin as standard.
5. Enzymatic Assays for Variants of MacsMa Activity
Enzymatic activity was determined by detecting the production of acyl-CoA or
acyl-adenylate using the hydroxamate reaction (19, 24), in which activated acyl groups
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are converted to an acyl-hydroxamate and subsequently to a ferric hydroxamate complex
that can be detected spectrophotometrically at 540 nm. The standard reaction mixtures
contained 100 mM Tris [pH 7.5] and 600 mM hydroxylamine-HCl [pH 7.0], and 2 mM
glutathione (reduced form) with varied concentrations of acyl substrate, MgCl2/ATP, and
in some cases CoA in a 300 μL reaction volume. The reactions were performed at 55°C,
the optimal temperature determined for MacsMa (Meng, Y.*, Ingram-Smith, C.*, et al.
Manuscript submitted), and terminated by the addition of two volumes of stop solution (1
N HCl, 5% trichloroacetic acid, 1.25% FeCl2).
To determine apparent kinetic parameters, the concentration of one substrate (acyl
substrate, MgCl2/ATP, or HSCoA) was varied and the other(s) held constant at saturating
level (generally 5-10 times the Km for the substrate(s)). Concentrations for the varied
substrate generally ranged from 0.2 to 5-10 times the Km value and eight to ten
concentrations were used for each determination. [Note: In cases in which the acyl
substrate was dissolved in ethanol rather than water, the final concentration of ethanol in
the reaction was kept constant at 2%. This concentration of ethanol was determined to
have minimal effect on enzymatic activity (15)]. The apparent steady-state kinetic
parameters kcat and kcat/Km and their standard errors were determined using non-linear
regression to fit the data to the Michaelis-Menton equation using Kaleidagraph (Synergy
Software). The enzyme variants followed Michaelis-Menton kinetics for all substrates.
6. Thermostability of Wild-type MacsMa and its Lys256Leu variant
The thermostability of wild-type MacsMa or its Lys256Leu variant was determined
by incubating the enzyme at a given temperature for 15 min, then assessing activity at the
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optimal temperature of 55°C determined for the wild-type enzyme and 45°C determined
for Lys256Leu variant using the hydroxamate assay. Both wild-type and the variant
enzymes were incubated at a same concentration of 2.5 μg/μl with 100 mM Tris-HCl [pH
7.5], 500 mM propionate, or 20 mM MgATP to test the effect on thermostability. All
reactions were performed in triplicate.
7. Assay for inorganic pyrophosphate production
Production of pyrophosphate was determined by direct reaction of PPi with
molybdate reagent to produce PPi-molybdate complex which can be measured at 580 nm
(21). Reactions (0.3 ml) contained 50 mM Tris-HCl [pH7.5], 4 mM MgCl2, 10 mM
dithiothreitol, and varied concentrations of acyl substrate, ATP and CoA. Reactions were
preincubated at 55°C for 5 min and initiated by addition of enzyme. After 10 min, the
reactions were terminated by the addition of 80 μl H2O, 50 μl 2.5% molybdate reagent
(2.5% ammonium molybdate in 5 N H2SO4), 50 μl 0.5 M 2-mercaptoethanol, and 20 μl
Eikonogen reagent (25 mM sodium sulfite, 13 mM 1-amino-2-naphthol-4-sulfonic acid,
963 mM sodium meta-bisulfite). After color development at RT for 10 min, the
absorbance at 580 nm was measured and PPi concentration was determined by
comparison to a PPi standard curve. All reactions were performed in triplicate.
8. Assay for acyl-CoA thioester formation
Acyl-CoA formation was measured using a spectrophotometric assay that detects
thioester bond formation (18). The reaction mixture contained 100 mM Tris-HCl (pH 7.5)
and varying concentrations of acyl substrate and MgATP, in the presence or absence of
0.5 mM CoA. Reactions were initiated by addition of enzyme and the change in
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absorbance at 233 nm was followed continuously using a diode array spectrophotometer.
Methanothermobacter thermautotrophicus Acs1 (Acs1Mt) and the Archaeoglobus
fulgidus Acs2 (Acs2Af) (14) were used as control enzymes for detection of propionylCoA formation by this assay. All reactions were performed in triplicate.
9. Molecular Modeling of MacsMa variants
The variants of MacsMa were modeled on wild-type MacsMa structure (PDB ID:
3ETC) via DS Modeler (Accelrys) using the standard parameters. The modeled structures
of the variants of MacsMa were overlaid with the wild-type MacsMa structure that is
superimposed with the structure of CBAL in thioester-forming reaction bound to 4chlorophenacyl-CoA (PDB ID: 3CW9) using DS Viewer Pro 5.0 (Accelrys). The
structures were visualized with DS Visualizer (Accelrys) and DS Viewer Pro 5.0
(Accelrys).
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IV. RESULTS
1. Identification of the residues in acyl binding pocket
The structure of MacsMa (26) overlaid on the S. enterica Acs (AcsSe) structure in
the presence of CoA and adenosine-5'-propylphosphate (12) allowed for the identification
of residues in MacsMa that form the putative acyl substrate binding pocket. The residue
Trp259 of MacsMa was observed to play a role in truncating the acyl substrate-binding
pocket (Fig. 3.1) by forming a “floor” to prevent the enzyme to accommodate larger acyl
substrates (26). In comparing the acyl binding pockets in AcsSe and MacsMa, the residue
Trp414 of AcsSe is positioned similarly to the one in MacsMa. Additionally, the change of
the Trp416 in Acs1Mt, the equivalent residue to Trp414 in AcsSe, to Gly has been
biochemically characterized to expand the acyl substrate binding pocket by utilizing 4methylvalerate instead of acetate as its most efficient substrate (15). Inspection of the
sequence alignment demonstrates that this Trp416 residue in Acs1Mt is replaced by a
smaller residue Gly351 in MacsMa (Fig. 3.2), which was suggested to form acyl binding
pocket according to the structure of MacsMa.
Additional residues also identified from the structure of MacsMa to form acyl
binding pocket were Trp237, Trp254 and Lys256 (26). An aromatic residue Trp254 in
MacsMa highly conserved in other Macs, Acs and LAE, is replaced by His207 in CBAL
(Fig. 3.2), which has been shown to rotate between two conformational states (23). The
Thr313 residue in Acs1Mt has been demonstrated to play a very important role in acetate
binding pocket. Alteration of this position to Lys in Acs1Mt resulted in the release of
acetyl-adenylate intermediate without the ability to utilize CoA for the second thioester
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step (15). The sequence alignment between Macs and Acs1Mt suggests that the Thr313 in
Acs1Mt is replaced by Lys256 in MacsMa (Fig. 3.2). Interestingly, the structure of MacsMa
revealed an interaction between Lys256 and Cys298, which pulls the Lys256 side chain away
from the acyl-binding pocket (26).
Six candidate residues in the acyl pocket were investigated: Trp259, Gly351, Trp237,
Trp254, Lys256, and Cys298. Amino acid alterations at these positions were made on a basis
of sequence alignment among Macs, Acs1Mt, CBAL and LAE (Fig. 3.2). MacsMa variants
involved in acyl substrate binding pocket were created as follows: Trp259Phe, Trp259Tyr,
Trp259Arg, Trp259Ala, Gly351Trp, Trp237Tyr, Trp237Ala, Trp254Tyr, Trp254His, Trp254Ala,
Lys256Thr, Lys256Leu, Cys298Tyr, Cys298Ser and Cys298 Ala. With the exception of the
Trp237Ala and Trp254Ala variants, the other variants were soluble. All of these variants,
except for Lys256Leu variant, showed little to no acyl-adenylate synthetase and/or acylCoA synthetase activity and kinetic parameters could not be determined. Enzymatic
activity was examined with a wide range of acyl substrates including both straight-chain
(acetate - octanoate) and branch-chain (2-methylpropionate – 4-methylvalerate) were
tested in the absence or presence of CoA, but little to no acyl-adenylate synthetase or
acyl-CoA synthetase activity was detected. Furthermore, pyrophosphate production was
barely detected with propionate or 2-methylbutyrate, which are best acyl substrates for
acyl-adenylate synthetase and acyl-CoA synthetase activity of wild-type MacsMa,
respectively in the presence and absence of CoA.
The Lys256Leu variant had significantly reduced acyl-adenylate synthetase
activity. The kinetic constants for propionyl adenylate synthetase activity (Table 3.1)
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indicated that this alteration resulted in a dramatic decrease in turnover number (kcat) by
21.7- and 71.1- fold for propionate and ATP, respectively, in comparison to the wild-type
MacsMa. The Km for propionate was increased by 3.5-fold for the variant. As for other
variants involved in acyl pocket, the acyl-CoA synthetase activity with 2-methylbutyrate
was significantly diminished for the Lys256Leu variant so that kinetic parameters could
not be determined. Interestingly, the optimal temperature for this variant decreased by
10°C from 55°C for the wild-type enzyme to 45°C (Fig. 3.3A).
The thermostability of the purified wild-type MacsMa was determined to be 10°C
higher when pre-incubating with 300 mM propionate than with 100 mM Tris-HCl (pH
7.5). The wild-type enzyme had 93.1% of the activity at 45°C with propionate. At 55°C
only 6.4% of the activity was detected. A decrease in activity by 53.2% was measured at
45°C when the enzyme was pre-incubated with Tris-HCl (pH 7.5) (Fig. 3.3B). However,
the Lys256Leu variant displayed same thermostability temperature when pre-incubating
either with propionate or with Tris-HCl (pH7.5) (data not shown). Either the wild-type
(Fig.3.3B) or the variant enzyme (data not shown) was precipitated and lost almost all of
activity when pre-incubating with 20 mM MgATP at 0°C. The Lys256Leu variant
demonstrated only 7.7% of activity was left at 45°C when pre-incubating with propionate
(Fig. 3.3C). However, the wild-type enzyme still retained 93% of activity at 45°C (Fig.
3.3C). The 10°C difference in thermostability of the Lys256Leu variant and the wild-type
enzyme is consistent with the change of the optimum for the variant. Therefore, the
Lys256Leu alteration greatly reduced the catalysis of the acyl-adenylate synthetase activity
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and the 10°C lower in the temperature optimum of this variant suggests that the Lys256
has an important role in structural stability of the enzyme.
2. Characterization of putative CoA binding pocket: MacsMa versus CBAL
The CoA binding region consists of a nucleotide binding pocket on the surface of
the protein and a “pantetheine tunnel” that passes between two domains and enters the
mostly buried active site. The structures of AcsSe and CBAL bound to CoA or a CoAadduct (12, 23) indicated they have a distinct CoA nucleotide binding pockets, although
the pantetheine tunnel is similar. The nucleotide of CoA interacts mostly with the Nterminal domain in AcsSe, and primarily with the C-terminal domain in CBAL (23). The
structure of MacsMa (26) suggests a well conserved pantetheine tunnel of CoA, but the
nucleotide binding pocket of CoA is positioned in a similar manner to CBAL rather than
AcsSe. The CoA binding pocket of MacsMa overlaid from CBAL (Fig. 3.4) indicates
several amino acid residues that may be important in CoA binding and catalysis. The two
aromatic amino acid residues from the C-terminal of CBAL, Phe473 and Trp440, which
have been shown to be important in CoA binding and catalysis (31) by accommodating
the adenine moiety of CoA (23), were conserved in MacsMa as Tyr525 and Tyr460,
respectively. The Trp440 in CBAL was replaced by Arg490 in MacsMa (Fig. 3.5). The
Arg475 residue in CBAL, which has been demonstrated to interact with 3'-phosphate of
CoA (31), was replaced by Tyr527 in MacsMa sequence. The Gly that is present among all
members of the adenylate-forming family is still stringently conserved in MacsMa as
Gly459.
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In order to further investigate whether the CoA binding pocket of MacsMa is
similar to that of CBAL, the five candidate residues in MacsMa identified from structure
and sequence alignment, Gly459, Tyr525, Tyr460, Arg490 and Tyr527, were individually
subjected to site-directed replacement with amino acids either present at the equivalent
residue of CBAL or that are the least and/or most conserved changes. Except for two
variants of Tyr460Ala and Arg490Ala that were insoluble, other recombinant variant
enzymes were soluble. The kinetic parameters for the variants were determined to detect
the impact of the change on either the acyl-adenylate synthetase activity (with propionate
as acyl substrate) or the acyl-CoA synthetase activity (with 2-methylbutyrate as acyl
substrate).
Kinetic parameters for the Gly459Ala variant – In order to determine the effect
of the Gly459 Ala alteration on acyl-adenylate synthetase activity, kinetic constants for
both propionate and ATP in the absence of CoA were examined (Table 3.2). Compared to
the wild-type, the Gly459 Ala variant did not show significant changes in the kinetic
parameters for either propionate or ATP. The Km for ATP for the variant was similar to
that of wild-type enzyme, while the Km value for propionate increased by 3-fold. In turn,
the turnover number was decreased by 2.2- and 4.6-fold for propionate and ATP,
respectively.
With respect to acyl-CoA synthetase activity, 2-methylbutyrate, ATP and CoA
were used to determine the kinetic parameters. The Km value for CoA and 2methylbutyrate for the Gly459 Ala variant were slightly increased by 2- or 3- fold as
compared to the wild-type enzyme (Table 3.3). Additionally, the kcat for the variant was
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decreased by no higher than 5-fold. Thus, the kinetic data of the variant of Gly459 Ala
suggested that this amino acid change slightly decreased the catalytic efficiency (kcat/Km)
for the acyl-CoA synthetase activity without greatly affecting the acyl-adenylate
synthetase activity.
Kinetic parameters for the Tyr460, Tyr525, and Arg490 variants – No obvious
difference in kinetic parameters for both propionate and ATP was observed for these
variants with the exception for the Tyr525Ala variant, which showed a 6-fold increase in
the Km for propionate (Table 3.4). The Km values for ATP and propionate showed little
change between the wild-type and variants. However, the kcat values were decreased for
all variants (Table 3.4).
Surprisingly, the variants displayed little to no 2-methylbutyryl-CoA synthetase
activity at increasing concentrations of CoA up to 15 mM using hydroxamate assay
(Table 3.5). These results suggested that the residues Tyr460, Tyr525 and Arg490 were
essential in CoA catalysis as even conservative amino acid substitutions resulted in the
dramatic elimination of the acyl-CoA synthetase activity (Table 3.5). According to the
previous characterization of wild-type MacsMa (Y. Meng et al. Manuscript submitted),
CoA has been shown to display noncompetitive inhibition on propionyl-adenylate
synthetase activity for the wild-type enzyme. Therefore, in order to determine if these
variants may be able to bind CoA, CoA inhibition on propionyl-adenylate synthetase
activity was investigated. Little CoA inhibition was detected on the acyl-adenylate
synthetase activity (Fig. 3.6). Although, the variant Tyr525Phe displayed a 50% increase
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in the specific activity at 1 mM concentration of CoA with propionate (Fig. 3.6A), no
acyl-CoA formation was detected for this variant (data not shown).
Kinetic parameters for the Tyr527Trp, Tyr527Arg, and Tyr527Ala variants –
Arg475 of CBAL, which interacts with the 3'-phosphate of CoA (31), is substituted by
Tyr527 residue in MacsMa (Fig. 3.5). However, the structure overlay of CoA binding
pocket of MacsMa on CBAL suggests that MacsMa utilized Lys519 to interact with 3'phosphate of CoA and that Tyr527 may instead interact with ribose group of CoA via its
benzoyl ring (Fig. 3.4). Alterations at Tyr527 did not significantly affect the acyl-adenylate
synthetase activity with propionate as the acyl substrate (Table 3.6). Although the
Tyr527Arg variant exhibited a 10.2-fold decrease in kcat for propionate, these three variants
showed similar Km values for propionate and ATP to those for the wild-type enzyme.
As for the acyl-CoA synthetase activity, the three variants of Tyr527 displayed
similar results to the variants of Tyr460, Tyr525 and Arg490 in that 2-methylbutyryl-CoA
synthetase activity was impaired (Table 3.5). Additionally, no CoA inhibition of the
propionyl-adenylate synthetase activity was observed in all three variants (Fig. 3.6C),
which suggests an important role of Tyr527 in CoA binding and catalysis.
Characterization of putative CoA binding pocket: MacsMa versus Acs1Mt — The
partial sequence alignment among Acs and Macs (Fig. 3.4) suggests that two of three
important Arg residues in CoA binding and catalysis in AcsSe (Arg526, Arg584) (22) and
Acs1Mt (Arg528, Arg586) (Y. Meng*, C. Ingram-Smith*, et al. Manuscript submitted) are
replaced by Lys461 and Lys519 in MacsMa, and a loop with one Arg (Arg191 in AcsSe,
Arg193 in Acs1Mt) is missing in Macs and LAE. The structure of MacsMa suggests a
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distinct CoA binding pocket from AcsSe. However, structural modeling of the CoA
binding pocket in MacsMa from CBAL suggested an electrostatic interaction between the
positively charged ε-amino group of Lys519 and the negatively charged 3'-phosphate of
CoA (Fig. 3.5), which was also observed in the structure of Acs1Mt modeled from AcsSe
(Y. Meng*, C. Ingram-Smith*, et al. Manuscript submitted). To further compare the CoA
binding pocket of MacsMa to Acs, site-directed amino acid replacements of Lys461 and
Lys519 in MacsMa were made to the Arg present in both AcsSe and Acs1Mt and also to Ala.
Kinetic parameters for the Lys461Arg and Lys461Ala variants – Neither
Lys461Arg nor Lys461Ala displayed significant changes in the kinetic parameters for
propionate and ATP with respect to the propionyl-adenylate synthetase activity (Table
3.7). However, these two variants have a more significant impact on the 2-methylbutyrylCoA synthetase activity (Table 3.8). Both Lys461Arg and Lys461Ala variants dramatically
decreased the Km value for 2-methylbutyrate by 9.3- and 7.6-fold, respectively, and
slightly decreased the Km values for CoA and ATP compared to the wild-type MacsMa. In
addition, the turnover number for 2-methylbutyrate, ATP and CoA were also decreased
by approximately 3- to 4-fold for these two Lys variants. In contrast to the significant role
of Arg528 in CoA binding and catalysis of Acs1Mt, Lys461 of MacsMa has a slight impact
on CoA binding and catalysis.
Kinetic parameters of the variants of Lys519Arg and Lys519Ala – The
Lys519Arg variant did not show significant changes in the Km and kcat values for
propionate and ATP for the propionyl-adenylate synthetase activity (Table 3.7) or for the
three substrates in acyl-CoA synthetase activity in relation to wild-type enzyme (Table
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3.8). However, in comparison to the conservative change to Arg, the Lys519Ala variant
showed a dramatic impact on both acyl-adenylate synthetase and acyl-CoA synthetase
activities (Table 3.7 and 3.8), with little to no activity detected.
Considering the electrostatic interaction between Lys519 and the 3'-phosphate of
CoA indicated by the structure of MacsMa (26), the hypothesis that the 3'-phosphate of
CoA is critical in the second-half thioester step catalyzed by the wild-type MacsMa was
postulated. In order to test the validity of this hypothesis, 2-methylbutyryl-CoA
synthetase activity was determined for wild-type MacsMa using 3'-dephospho CoA (Fig.
3.7) in place of CoA. In the presence of up to 10 mM 3'-dephospho CoA, 2methylbutyryl-CoA synthetase activity was barely detected in contrast to the robust
activity observed with CoA (Fig. 3.8). Furthermore, in order to determine if the 3'phosphate of CoA is critical in CoA binding, the inhibitory effect of 3'-dephospho CoA
on the propionyl-adenylate synthetase activity was investigated. That 3'-dephospho CoA
was still able to inhibit the propionyl-adenylate synthetase activity of MacsMa (Fig. 3.9A)
as well as CoA, with a similar Ki (Fig. 3.9B), suggests the 3'-phosphate of CoA is not
critical to binding.
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V. DISCUSSION
The medium-chain acyl-CoA synthetase in Methanosarcina acetivorans (MacsMa)
prefers 2-methylbutyrate as the substrate for acyl-CoA synthetase activity. Additionally,
MacsMa also releases acyl-adenylate as a free product with short acyl substrates such as
propionate and cannot utilize CoA for the second thioester step further (Y. Meng et al.
Manuscript submitted). To determine the molecular basis for the enzymatic activity of
MacsMa, a number of amino acid residues that have been proposed to be in the acyl
substrate binding pocket and CoA binding pocket were altered and the variants
characterized. The results show that MacsMa has an acyl binding pocket that differs from
that in Acs and shares a very similar CoA binding pocket to CBAL.
1. Comparison of acyl binding pocket between Acs and MacsMa
The acyl substrate binding pocket of Acs1 from M. thermautotrophicus has been
investigated previously (15). Four important amino acid residues, Ile312, Thr313, Val388
and Trp416, are well conserved in Sacs family and have been shown to be critical in acyl
substrate binding and catalysis (15). Comparison of the structures of acyl binding pockets
in MacsMa (26) and in Salmonella enterica Acs (AcsSe) (12) revealed that MacsMa has a
much shallower acyl binding pocket and the residue Trp259 in MacsMa, which formed a
‘floor’ to prevent longer acyl substrate from binding, plays a similar function as Trp414 in
AcsSe. Alteration of Trp416 to Gly in Acs1Mt (15) expanded the acyl substrate binding
pocket so that it can utilize 4-methylvalerate as its preferred acyl substrate. Five different
amino acid substitutions were made to Trp259 in MacsMa to determine the effect on the
acyl substrate utilization. Based on sequence alignments among Macs, Acs, and CBAL,
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Trp259 was changed to Phe, Tyr, Arg, Ser and Ala. However, all of the five purified
variants displayed little to no acyl-adenylate synthetase or acyl-CoA synthetase activity,
which suggested stringent conservation and the essential role of this residue in acyl
substrate binding and catalysis. The structures of two variants of Trp259Phe and Trp259Tyr
were modeled and overlaid from the structure of wild-type MacsMa with propionyladenylate as its ligand (Fig. 3.10A-B). Although Tyr and Phe were thought to be
conservative amino acid replacements for Trp, the modeled structures demonstrated that
the benzoyl ring side chains of Tyr (Fig. 3.10B) and Phe (Fig. 3.10A) were twisted with
the angle at 32° and 62°, respectively, in related to the one in Trp259 residue. This change
in the orientation of the benzoyl ring side chain of Trp259 may result in the enzyme with
little acyl-adenylate synthetase or acyl-CoA synthetase activity.
Alteration of the Thr313 in Acs1Mt to Lys has previously been shown to cause the
enzyme to release acyl-adenylate as a free product without utilizing CoA for the further
thioester-forming step of the reaction (15). The sequence alignment among Macs and Acs
showed that the Lys256 in Macs corresponded to the Thr313 in Acs1Mt (Fig. 3.2). The
structure of MacsMa also revealed an uncommon interaction between the Lys256 and
Cys298 (26). Therefore, the amino acid substitutions of these two residues were made. No
detectable acyl-adenylate synthetase or acyl-CoA synthetase activity was observed for
any of these variants with exception for Lys256Leu, which greatly reduced the kcat for
propionate for the propionyl-adenylate synthetase activity by 21.7-fold and with no acylCoA synthetase activity detected. Another interesting finding for this variant was that the
temperature optimum was lowered by 10°C in relation to the wild-type enzyme,
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indicating that Lys256 has a function in stabilizing the overall structure of MacsMa. The
structures of both Lys256Thr (Fig. 3.11A) and Lys256Leu (Fig. 3.11B) variants were
modeled and overlaid from the structure of wild-type MacsMa with propionyl-adenylate as
its ligand. In comparison to Lys, the truncated carbon chain of Thr extended the distance
to Cys298 by 1.5-fold (Fig. 3.11A); however, the Leu is still in proximity to Cys298 with
similar distance as Lys (Fig. 3.11B). The finding that Lys256Leu still retains the acyladenylate synthetase activity though significantly reduced the catalysis may due to the
lack of ε-amino group in Leu, suggesting the interaction between the ε-amino group of
Lys256 and Cys298 may be crucial in overall structure stability and acyl-adenylate
synthetase activity.
Finally, the other residues Trp237 and Trp254 revealed by the structure of MacsMa to
have roles in orienting AMP and acyl substrate were targeted for kinetic analysis.
Unfortunately, the Ala substitution of either Trp237 or Trp254 resulted in an insoluble
recombinant enzyme. The productions of these two variants were repeated twice.
Variants of Trp237 and Trp254 with other amino acid replacements were soluble. However,
each of the purified variants showed little to no enzymatic activity as observed for other
variants in the acyl substrate binding pocket as described above. All of these results
suggest that MacsMa, which differs a lot from Acs, has a very conservative acyl substrate
binding pocket. The residues, Trp259, Lys256, Cys298, Trp254 and Trp237, played an essential
function in acyl substrate binding and catalysis. Even conservative changes in any of
these residues resulted in a loss of nearly all the acyl-adenylate synthetase/acyl-CoA
synthetase activity.
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2. MacsMa has a similar CoA binding pocket to CBAL rather than Acs
The structure of CBAL bound to 4-chlorophenacyl-CoA (4-CP-CoA) trapped the
enzyme in the second half thioester-forming reaction (23), which revealed a distinct CoA
binding pocket from AcsSe (12). The nucleotide moiety of CoA binds in a significantly
different conformation compared to that bound to Acs, although the tunnel for the
phosphopantetheine group of CoA is well conserved (23). The overlaid structure of CoA
binding pocket of MacsMa from CBAL and AcsSe suggested that MacsMa had a similar
CoA binding pocket to CBAL versus AcsSe.
Two aromatic residues from the C-terminal domain of CBAL structure form
stacking interactions with the adenine moiety of CoA (31). Alterations of either of these
residues, Trp440 or Phe473, results in 600-fold decrease in the catalytic efficiency for the
second half-reaction while having little effect on the adenylation half-reaction (31). In an
alignment of MacsMa and CBAL sequences (Fig. 3.5), the Phe473 and Trp440 residues of
CBAL are replaced by Tyr525 and Arg490 respectively. The structure of MacsMa (26)
revealed an aromatic residue, Tyr460, positioned near the modeled CoA nucleotide of the
superimposed structure, which may substitute for Trp440 in CBAL. In the CBAL
structure, Arg475, which appears to interact with the CoA 3'-phosphate, is replaced by
Tyr527 in MacsMa. However, the structure modeling of the CoA binding pocket in MacsMa
showed that Tyr527 was positioned away from 3'-phosphate of CoA (Fig. 3.4). The kinetic
analysis of Tyr525, Tyr460, Arg490, Tyr527 variants demonstrated that these variants did not
affect the propionyl-adenylate synthetase activity. The turnover numbers were
significantly decreased by 10-fold for these three variants: Tyr460Trp, Tyr525Ala, and
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Arg490Lys. Also the Km values for propionate and ATP were not greatly changed for the
variants except for the Tyr525Ala variant, which showed 6-fold higher than that of the
wild-type MacsMa. With respect to the 2-methylbutyryl-CoA synthetase activity, all of
these variants had too low activity to determine the kinetic parameters. The report that
CoA has been determined to display noncompetitive inhibition on the acyl-adenylate
synthetase activity with propionate as acyl substrate in the wild-type MacsMa (Y. Meng et
al. Manuscript submitted) suggested that the enzyme still has the ability to bind CoA.
This inhibition pattern was examined for the variants of MacsMa and very little CoA
inhibition on the propionyl-adenylate release was observed for all of these variants,
which further suggests that alterations of these four residues Tyr525, Tyr460, Arg490 and
Tyr527, also diminished the ability of the enzyme to bind CoA. Therefore, these four
residues have a critical function in CoA binding and catalysis and do not affect acyl
adenylate synthesis. Gly459 in MacsMa is highly conserved among other Macs’s and
CBAL, and alteration of this residue to Ala resulted in a slight decrease in kcat for the
acyl-CoA synthetase with similar affinities of CoA, 2-methylbutyrate and ATP in relation
to the wild-type enzyme. Additionally, this variant did not significantly affect the kinetic
constants for both propionate and ATP for acyl-adenylate synthetase activity.
The structures of the variants Tyr525Phe, Tyr460Trp and Tyr527Trp were modeled
and overlaid on the structure of wild-type MacsMa (Fig. 3.12). These three variants were
chosen because the amino acid substitutions of these three residues were thought to be
benign. The differences in the orientation of benzyol ring of the amino acid residues in
the variants were demonstrated with torsions of -164.2°, 179.1°, and -96.5° compared to

126

the corresponding residues Tyr525 (Fig. 3.12B), Tyr460 (Fig. 3.12A) and Tyr527 (Fig.
3.12C) in the wild-type enzyme, respectively. The kinetic characterization indicated these
variants had diminished activity for the acyl-CoA synthetase. Therefore, these results
suggest that Tyr525, Tyr460 and Tyr527 in MacsMa are strictly positioned to interact with
CoA, any slight change in these residues will result in the inability of the enzyme to bind
CoA to catalyze the acyl-CoA production.
The Arg490Trp, Arg490Gln, and Arg490Lys variants lost the ability to catalyze the
acyl-CoA production and have weak affinity for CoA. The modeled structures of
Arg490Trp and Arg490Gln variants showed the significant change in ε-amino group either
missing in Trp (Fig. 3.13B) or replacing by hydrophobic benzoyl ring in Gln (Fig.
3.13A). Structure modeling of the Arg490Lys variant, which would be expected to have
the least dramatic effect among the three variants, suggested that the ε-amino group of
Arg490 were oriented with the torsion of 103.9° when changed to Lys (Fig. 3.13C). Thus,
MacsMa required a conservative Arg residue at this position, which has an essential
function in CoA binding and catalysis.
The residues in Acs1Mt have been identified to play an important role in
utilization of CoA. Arg191 and Arg584 in the AcsSe structure (Arg193 and Arg586 in Acs1Mt)
appear to interact with the 5'-diphosphate and 3'-phosphate groups, respectively, of CoA
(12). Alterations at Arg193 of AcsMt greatly increased the Km for CoA and decreased the
catalytic rate of the enzyme (Y. Meng*, C. Ingram-Smith*, et al. Manuscript submitted).
Replacement of Arg586 did not result in as drastic an effect as did replacement at Arg193
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although both CoA affinity and catalysis were still significantly reduced by 10- and 40fold, respectively.
In the structure of AcsSe, Arg526 appears to interact with the phosphate group of
the acyl-adenylate intermediate and is thought to play a role in stabilization of the
thioester-forming conformation. Alteration of Arg528, the equivalent residue of Acs1Mt
resulted in an increased Km for CoA and decreased kcat, similar to the effects observed for
alterations at Arg193 and Arg586 (Y. Meng*, C. Ingram-Smith*, et al. Manuscript
submitted).
Reger et al. (22) made alterations at Arg584 and Arg526 of AcsSe. Their results were
less dramatic than those observed for similar changes in Acs1Mt. Alterations at these
residues in AcsSe resulted in an approximately 2-fold decrease in catalysis. A four-fold
increase in the Km for CoA was observed for an Arg526Ala variant and a seven- to eightfold increase for Arg584Ala and Arg584Glu variants. Arg194, also proposed to interact with
the 3'-phosphate of CoA, was altered to Ala and Glu. The resulting variants likewise had
an approximately two-fold decrease in catalysis but only a two- to three-fold increase in
the Km for CoA (22).
In an alignment of Macs and Acs sequences (Fig. 3.5), Macs sequences display a
seven amino acid gap that encompasses the conserved Arg193 residue in Acs1Mt and
Arg194 of AcsSe. Arg586 of Acs1Mt is replaced by Lys519 in the Macs, Sa, MACS1, and
LAE. Arg528 of Acs1Mt is conserved in Sa, MACS1, and LAE, but not in MacsMa, in
which it is replaced by Lys416. The alterations of either Lys519 or Lys416 to Arg and Ala
were made, respectively. Characterization of each of the purified variants suggested that
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both Lys416Arg and Lys416Ala decreased the kcat values for CoA, 2-methylbutyrate and
ATP by 3- or 4-fold. The affinities for CoA and ATP were slightly increased by 2- or 3fold for the Lys416 variants, while the Km value for 2-methylbutyrate was reduced by 8- or
9-fold. Also, both Lys416 variants showed similar kinetic constants for propionate and
ATP in comparison to the wild-type. The Lys519Arg variant did not affect either the acyladenylate synthetase or the acyl-CoA synthetase activity. However, the substitution of
Lys519 to Ala resulted in an enzyme with neither acyl-adenylate synthetase nor acyl-CoA
synthetase activity. These results suggested that the Lys416 residue in MacsMa was not as
critical as the corresponding Arg528 residue in Acs1Mt, while the other residue Lys519 was
very critical not only in CoA but also in acyl substrate binding and catalysis. In order to
further determine the effects of the amino acid alterations on the structure, Lys519Ala
(Fig. 3.14B) and Lys519Arg (Fig. 3.14A) variants were modeled on the MacsMa structure.
The positively charged ε-amino group of Arg residue in the variant is positioned similarly
to that of the Lys519 in wild-type enzyme, and there was no large difference in the
distance between the 3'-phosphate group of CoA and ε-amino group in either Arg or Lys.
However, the change of Lys519 to Ala eliminated the interaction with 3'-phosphate of
CoA due to the lack of the positively charged ε-amino group, and the distance between
the β-carbon atom of the Ala in the variant and the 3'-phosphate group of CoA was
increased by 5-fold compared to that of the wild-type enzyme. The structure modeling
results were consistent with the kinetic characterizations of both Lys519 Ala and Lys519 Arg
variants, suggesting that the Lys519 has a critical function in interacting with 3'-phosphate
of CoA and such an interaction is very in the catalysis for the thioester-forming step. The
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Lys519Ala variant not only diminished the acyl-CoA synthetase activity but also lost the
acyl-adenylate synthetase activity, indicating that this Lys519 is also very important in
stabilizing the overall active site structure.
In MacsMa, the 3'-phosphate group of CoA is essential in catalysis for the acylCoA synthetase activity. Using 3'-dephospho CoA as substrate, the wild-type MacsMa
displayed very little 2-metylbutyryl-CoA synthetase activity (Fig. 3.8). Surprisingly, 3'dephospho CoA still has the ability to inhibit the release of propionyl-adenylate (Fig.
3.9A) with a similar Ki (Fig. 3.9B) to the wild-type, which suggests that 3'-phosphate of
CoA was essential in the catalysis for the second acyl-CoA synthetase activity but not in
CoA binding. Also, the inability of the Lys519 Ala variant to catalyze either acyl-adenylate
synthesis or acyl-CoA synthesis also supports the importance of 3'-phosphate of CoA.
Unlike MacsMa, the wild-type Acs1Mt is still able to utilize 3'-dephospho CoA. A similar
experiment has been conducted in Acs1Mt using 3'-dephospho CoA instead of CoA (Y.
Meng*, C. Ingram-Smith*, et al. Manuscript submitted). In contrast to MacsMa which
cannot utilize 3'-dephospho CoA for acyl-CoA synthetase activity, Acs1Mt was able to
utilize 3'-dephospho CoA for the acyl-CoA synthesis, although the catalytic efficiency
was decreased by 26.5-fold in comparison to CoA (Y. Meng*, C. Ingram-Smith*, et al.
Manuscript submitted). This finding suggested that the overall CoA binding pocket
structure is different in Acs1Mt and in MacsMa. However, it is common to all MacsMa, Acs
and CBAL to utilize the positive ε-amino group of Lys or Arg to interact with 3´phosphate of CoA.
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VI. CONCLUSION
Characterization of the acyl substrate binding pocket of MacsMa revealed a highly
conserved acyl binding pocket that differs from Acs and CoA binding pocket that is quite
similar to CBAL. Lys256 is essential in acyl-adenylate synthetase activity. In addition, the
Lys256Leu variant decreased temperature optimum by 10°C, suggesting the critical role of
Lys256 in structure stability. Furthermore, the interaction between Lys256 and Cys298 may
be crucial in the functionality of Lys256. Four residues, Tyr525, Tyr460, Arg490 and Tyr527,
identified to be required for both CoA binding and catalysis are highly conserved in
MacsMa, even though the conservative changes to these residues rendered the enzyme
unable to bind CoA and catalyze the second half thioester-forming step. Lys519, which
interacts with the 3'-phosphate of CoA via electrostatic interaction, is essential not only in
CoA binding and catalysis but also in stabilizing the structure of active site. The 3'phosphate group of CoA is shown to be critical in catalysis for the acyl-CoA synthetase
activity, while the 3'-dephospho CoA is still be able to bind to MacsMa. This is quite
different to Acs, which can utilize 3'-dephospho CoA quite well. Thus, the CoA binding
pocket of MacsMa is distinct from Acs. However, MacsMa, Acs and CBAL utilize ε-amino
group of either Lys or Arg to interact with 3'-phosphate of CoA.
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Enzyme

Propionate

ATP

Km

kcat

Km

kcat

(mM)

(sec-1)

(mM)

(sec-1)

WT

29.10 ± 0.30

4.78 ± 0.04

6.90 ± 0.75

10.67 ± 1.34

Lys256Leu

101.06 ± 9.60

0.22 ± 0.01

4.53 ± 0.06

0.15 ± 0.002

Table 3.1 The kinetic parameters for the propionyl-adenylate synthetase activity of the Lys256Leu variant
and wild-type MacsMa

Enzyme

Propionate

ATP

Km

kcat

Km

kcat

(mM)

(sec-1)

(mM)

(sec-1)

WT

29.10 ± 0.30

4.78 ± 0.04

6.90 ± 0.75

10.67 ± 1.34

Gly459Ala

86.31 ± 3.30

2.15 ± 0.06

6.15 ± 0.31

2.30 ± 0.06

Table 3.2 Kinetic parameters for propionyl-adenylate synthetase activity in Gly459Ala and wild-type
MacsMa

Enzyme

CoA

2-MB

ATP

Km

kcat

Km

kcat

Km

kcat

(mM)

(sec-1)

(mM)

(sec-1)

(mM)

(sec-1)

WT

4.09 ± 0.45

2.15 ± 0.10

8.92 ± 0.51

1.58 ± 0.07

4.21 ± 0.11

1.94 ± 0.02

Gly459Ala

2.09 ± 0.06

0.41 ± 0.01

3.07 ± 0.30

0.62 ± 0.01

3.31 ± 0.05

0.70 ± 0.03

Table 3.3 Kinetic parameters for 2-methylbutyryl-CoA synthetase activity in Gly459Ala and wild-type
MacsMa
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Enzyme

Propionate

ATP

Km

kcat

Km

kcat

(mM)

(sec-1)

(mM)

(sec-1)

WT

29.10 ± 0.30

4.78 ± 0.04

6.90 ± 0.75

10.67 ± 1.34

Tyr460Trp

29.60 ± 3.50

0.49 ± 0.01

4.23 ± 0.16

0.56 ± 0.001

Tyr525Phe

60.39 ± 4.98

0.90 ± 0.03

5.17 ± 0.10

1.27 ± 0.02

Tyr525Ala

175.35 ± 8.20

0.47 ± 0.02

9.47 ± 0.90

0.58 ± 0.02

Arg490Gln

45.39 ± 0.58

1.43 ± 0.03

5.43 ± 0.56

1.60 ± 0.05

Arg490Trp

62.64 ± 2.20

0.68 ± 0.01

4.96 ± 0.02

0.81 ± 0.01

Arg490Lys

50.17 ± 0.88

0.46 ± 0.01

5.78 ± 0.29

0.73 ± 0.004

Table 3.4 The kinetic parameters for the propionyl-adenylate synthetase activity for the Tyr460, Tyr525,
Arg490 variants and wild-type MacsMa

Enzymes

0 mM CoA

15 mM CoA

WT

0.10 ± 0.003

1.63 ± 0.02

Tyr460Trp

ND

0.02 ± 0.005

Arg490Lys

ND

0.06 ± 0.002

Arg490Gln

0.003 ± 0.003

0.08 ± 0.005

Arg490Trp

0.01 ± 0.004

0.05 ± 0.006

Tyr525Ala

0.10 ± 0.006

0.10 ± 0.006

Tyr525Phe

0.02 ± 0.027

0.07 ± 0.029

Tyr527Ala

0.06 ± 0.012

0.11 ± 0.016

Tyr527Arg

0.005 ± 0.007

0.04 ± 0.003

Tyr527Trp

0.006 ± 0.008

0.09 ± 0.001

Specific activity: μmole min-1 mg-1
ND: not detected
Table 3.5 2-methylbutyryl-CoA synthetase activity for the Tyr460, Tyr525, Arg490, and Tyr527 vairants and
wild-type MacsMa.
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Enzyme

Propionate

ATP

Km

kcat

Km

kcat

(mM)

(sec-1)

(mM)

(sec-1)

WT

29.10 ± 0.30

4.78 ± 0.04

6.90 ± 0.75

10.67 ± 1.34

Tyr527Trp

33.07 ± 0.36

1.48 ± 0.02

4.28 ± 0.14

1.47 ± 0.06

Tyr527Arg

25.81 ± 0.47

0.47 ± 0.01

3.05 ± 0.11

0.51 ± 0.004

Tyr527Ala

49.28 ± 1.93

2.39 ± 0.02

3.24 ± 0.07

2.37 ± 0.10

Table 3.6 The kinetic parameters for the propionyl-adenylate synthetase activity for the Tyr527Trp,
Tyr527Arg, and Tyr527Ala variants and wild-type MacsMa.

Enzyme

Propionate

ATP

Km

kcat

Km

kcat

(mM)

(sec-1)

(mM)

(sec-1)

WT

29.10 ± 0.30

4.78 ± 0.04

6.90 ± 0.75

10.67 ± 1.34

Lys461Arg

33.47 ± 3.79

2.90 ± 0.06

4.99 ± 0.46

6.73 ± 0.15

Lys461Ala

91.49 ± 1.00

3.52 ± 0.03

10.09 ± 0.11

4.22 ± 0.04

Lys519Arg

41.60 ± 1.80

2.47 ± 0.08

6.47 ± 0.49

2.64 ± 0.12

Lys519Ala

*

*

*

*

*: Activity was too low to determine kinetic parameters
Table 3.7 The kinetic parameters for the propionyl-adenylate synthetase activity for the Lys461, Lys519
variants and wild-type MacsMa.
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Enzyme

CoA

2-MB

ATP

Km

kcat

Km

kcat

Km

kcat

(mM)

(sec-1)

(mM)

(sec-1)

(mM)

(sec-1)

WT

4.09 ± 0.45

2.15 ± 0.10

8.92 ± 0.51

1.58 ± 0.07

4.21 ± 0.11

1.94 ± 0.02

Lys461Arg

1.38 ± 0.14

0.46 ± 0.10

0.96 ± 0.06

0.44 ± 0.02

1.28 ± 0.06

0.57 ± 0.01

Lys461Ala

2.19 ± 0.18

0.55 ± 0.03

1.18 ± 0.09

0.39 ± 0.006

1.64 ± 0.09

0.61 ± 0.005

Lys519Arg

7.18 ± 0.29

1.07 ± 0.02

7.96 ± 0.56

0.81 ± 0.03

4.63 ± 0.11

0.91 ± 0.01

Lys519Ala

*

*

*

*

*

*

*: Activity was too low to determine the kinetic parameters
Table 3.8 The kinetic parameters for the 2-methylbutyryl-CoA synthetase activity for the Lys461, Lys519
variants and wild-type MacsMa.
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Figure 3.1 The putative acyl binding pocket in MacsMa. The structure of MacsMa was overlaid on the S.
enterica Acs and the stereo image of the acyl binding pocket was created using DS ViewerPro 5.0.
Residues within 10 Å of the Trp259 residue in MacsMa are shown. Trp254 is shown in dark green, Lys256 in
purple, Trp259 in red, Cys298 in yellow, Trp237 in blue, Gly351 in brown, and propyl-adenylate in aqua. Note
that all residues depicted in this structure are shown in the alignment in Figure 3.2.

MA-MACS
MM-MACS
MT-MACS
MT-ACS1
SE-ACS
SC-ACS1
CBAL
LAE

237
236
234
294
292
348
190
254

WQNVEDDG
WQNVEDDG
WQNVREDG
TFDIHNGD
VFDYHPGD
TFDTHQED
GLRHGRHN
LLQLKMSD

254
253
251
311
309
365
207
271

WGKCVWGK
WAKCIRGK
WAKAMWGQ
WITGHSYV
WVTGHSYL
WITGHTYV
HVVGFFAV
WILAALGS

298
297
295
357
355
411
249
315

CAPPTIYR
CAPPTIYR
CAPPTIYR
YTAPTAIR
YTAPTAIR
YVAPTALR
FATPTHLD
LAAPSVYR

349
348
346
414
412
468
303
366

GFGQTETV
GFGQTETV
GFGQTECV
TWWQTETG
TWWQTETG
TYWQTESG
IYGTTEAM
AYGQSETG

Figure 3.2 Partial Acs/Sacs/Macs/CBAL sequence alignment. Amino acid sequences were aligned using
Clustal X (24). The residues represented in the structure in Figure 3.1 are shown. The residues proposed to
be important in acyl substrate binding pocket of MacsMa are shown in red, the changes in corresponding
positions in other enzymes are shown in blue.
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Figure 3.3 Optimal temperature and Thermostability of MacsMa and Lys256Leu variant. (A) Temperature
optimum of Lys256Leu variant. Activities for the Lys256Leu variant are reported as a percentage of the
highest activity observed at 45°C (100%). The amount of the Lys256Leu variant was 108 μg for each
enzymatic reaction. (B) Thermostability of MacsMa was measured using the hydroxamate assay preincubated with 100 mM Tris-HCl (pH 7.5) (red square), 300 mM propionate (blue circle) and 20 mM
MgATP (green diamond). (C) Thermostability of Lys256Leu variant were measured using the hydroxamate
assay pre-incubated with 500 mM propionate (blue square) in comparison to the wild-type MacsMa preincubated with 300 mM propionate (red diamond). Activities for the variant and wild-type enzyme are
reported as a percentage of the activity observed for the enzyme without pre-incubation (100%). The
concentrations of both Lys256Leu and MacsMa were kept at the same concentration (2.5 ug/ul) and the
amounts of Lys256Leu and MacsMa were 100 μg and 50 μg for each enzymatic reaction, respectively.
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Figure 3.4 The CoA binding pocket in MacsMa. The structure of MacsMa was overlaid on the CBAL
structure and the stereo image of the CoA binding pocket was created using DS ViewerPro 5.0. Residues
within 10 Å of the Trp254 residue in MacsMa are shown. Lys519 is shown in green, Lys461 in dark green,
Tyr525 in red, Gly459 in yellow, Tyr527 in blue, Tyr460 in pink, Tyr490 in aqua and 4-chlorophenacyl-CoA (4CP-CoA) in brown. Note that all residues depicted in this structure are shown in the alignment in Figure
3.5.

MA-MACS
MM-MACS
MT-MACS
MT-ACS1
SE-ACS
SC-ACS1

140
140
140
186
184
241

VCIAEDD-------VPEQ
VCIGENG-------VPDY
VCIAEDG-------VPEV
ITADGTYRRGGVIKLKPI
ITADEGVRAGRSIPLKKN
ITTDESNRGGKVIETKRI

MA-MACS
MM-MACS
MT-MACS
CBAL
MT-ACS1
SE-ACS
SC-ACS1
SA
MACS1
LAE

459
458
456
409
526
524
583
477
472
476

GYKVGPFE
GYRIGPFE
GYRIGPFE
GENIHPSE
GHRIGTAE
GHRLGTAE
GHRLSTAE
GYRIGPFE
GYRIGPVE
GYRVGPAE

490
489
487
440
557
555
614
508
503
507

RGQVIKA
RGQIVKA
RGQVVKA
WGQSVTA
KGEVIKA
KGQAIYA
TGQAVAA
RGEVVKA
RGEVVKA
RGEVVKA

518
517
515
466
585
583
649
538
533
537

VKNVTAPYKYPR
VKHNTAPYKYPR
VKRVTAPYKYPR
--SELADFKRPK
LRHELGPVAVVG
VRKEIGPLATPD
VRKDIGPFAAPK
VKKTTAPYKYPR
VKSVTAPYKYPR
VKSVTAPYKYPR

542
541
539
490
609
607
673
562
557
561

SGKIRRVE
SGKIRRVE
SGKIRRVE
LNKVLRRQ
SGKIMRRI
SGKIMRRI
SGKIMRRI
SGKVKRNE
TGKIKRKE
TGKIKRSE

Figure 3.5 Partial Acs/Sacs/Macs/CBAL sequence alignment. Amino acid sequences were aligned using
Clustal X (24). The residues represented in the structure in Figure 3.4 are shown. The residues proposed to
be important in CoA binding pocket of MacsMa are shown in red, the changes in corresponding positions in
other enzymes are shown in blue. The region that includes Arg193 (shown in blue) in Acs1Mt is absent in the
Macs sequences.
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Figure 3.6 The CoA did not inhibit the propionyl-adenylate synthetase activity for the variants of Tyr460,
Tyr525, Arg490, and Tyr527 compared to the wild-type enzyme MacsMa. The propionyl-adenylate synthetase
activity for each variant was measured using hydroxamate assay in the presence of increasing concentration
of CoA up to 15 mM. Specific activities with each variant are reported as a percentage of the specific
activity observed with the one measured in the absence of CoA (100%). The enzyme amount used for each
variant and the wild-type is in a range of 25-50 μg per reaction. In comparison to the wild-type MacsMa
(shown in black triangle), the percent of specific activity for each variant is shown for (A) Tyr460Trp in
green square, Tyr525Phe in blue diamond, and Tyr525Ala in red circle; (B) Arg490Gln in green square,
Arg490Trp in blue diamond, and Arg490Lys in red circle; (C) Tyr527Arg in green square, Tyr527Trp in red
circle, and Tyr525Ala in blue diamond.
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Figure 3.7 The molecular structure of 3'-dephospho CoA in comparison to CoA. Modified from (8).

Figure 3.8 Wild-type MacsMa cannot utilize 3'-dephospho CoA to perform acyl-CoA synthetase activity
with 2-methylbutyrate as acyl substrate. The activities of MacsMa were measured using hydroxamate assay
at increasing concentrations of either 3'-dephospho CoA (shown in blue circle) or CoA (show in red square)
up to 10 mM. The enzyme amount used for the wild-type MacsMa was 53.5 μg per reaction.
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Figure 3.9 CoA and 3'-dephospho CoA showed similar inhibition of the propionyl-adenylate synthetase
activity of MacsMa. Activities was measured using hydroxamate assay at increasing concentrations of either
3'-dephospho CoA (shown in blue circle) or CoA (show in red square) up to 20 mM. (A) The activities
detected at increasing concentrations of either 3'-dephospho CoA or CoA were reported as a percentage of
the activity measured in the absence of CoA (100%). (B) Plot of inverse specific activities of MacsMa at
increasing concentrations of 3’-dephospho CoA or CoA. The enzyme amount used for the wild-type
MacsMa was 50 μg per reaction.

Figure 3.10 Structural modeling of Trp259 variants in MacsMa. The structures of variants of (A) Trp259Phe
and (B) Trp259Tyr were modeled and overlaid on the structure of wild-type MacsMa, whose acyl binding
pocket was overlaid from the S. enterica Acs and the image of the acyl binding pockets in Trp259 variants
were created using DS ViewerPro 5.0. Residues within 10 Å of the Trp259 residue in MacsMa are shown.
Residues from the variant are shown in blue, residues from the wild-type are shown in gray. The propyladenylate is shown in aqua, Trp259 in wild-type MacsMa in dark green, the corresponding amino acid
replacements were in orange.
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Figure 3.11 Structural modeling of Lys256 variants in MacsMa. The structures of variants of (A) Lys256Thr
and (B) Lys256Leu were modeled and overlaid on the structure of wild-type MacsMa, whose acyl binding
pocket was overlaid from the S. enterica Acs and the image of the acyl binding pockets in Lys256 variants
were created using DS ViewerPro 5.0. Residues within 10 Å of the Trp259 residue in MacsMa are shown.
Residues from the variant are shown in blue, residues from the wild-type are shown in gray. The propionyladenylate is shown in aqua, Cys298 in wild-type MacsMa in brown, Lys256 in wild-type MacsMa in dark green,
the corresponding amino acid replacements were in orange.
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Figure 3.12 Structural modeling of Tyr460, Tyr525, and Tyr527 variants in MacsMa. The structures of variants
were modeled and overlaid on the structure of wild-type MacsMa, whose CoA binding pocket was overlaid
from CBAL and the image of the CoA binding pockets in the variants were created using DS ViewerPro
5.0. Residues within 10 Å of the Trp254 residue in MacsMa are shown. Residues from the variant are shown
in blue, from the wild-type are in gray. The 4-CP-CoA is shown in brown. The residues of Tyr460, Tyr525
and Tyr527 in wild-type enzyme were shown in dark green, while the corresponding amino acid
replacements were shown in orange for (A) Tyr460Trp; (B) Tyr525Phe; (C) Tyr527Trp.
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Figure 3.13 Structural modeling of the variants of Arg490in MacsMa. The structures of variants were
modeled and overlaid on the structure of wild-type MacsMa, whose CoA binding pocket was overlaid from
CBAL and the image of the CoA binding pockets in the variants were created using DS ViewerPro 5.0.
Residues within 10 Å of the Trp254 residue in MacsMa are shown. Residues from the variant are shown in
blue, from the wild-type are in gray. The 4-CP-CoA is shown in brown. The residue of Arg490 in wild-type
enzyme was shown in dark green, while the corresponding amino acid replacements were shown in orange
for (A) Arg490Gln; (B) Arg490Trp; (C) Arg490Lys.
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Figure 3.14 Structural modeling of the Lys519 variants in MacsMa. The structures of variants were modeled
and overlaid on the structure of wild-type MacsMa, whose CoA binding pocket was overlaid from CBAL
and the image of the CoA binding pockets in the variants were created using DS ViewerPro 5.0. Residues
within 10 Å of the Trp254 residue in MacsMa are shown. Residues from the variant are shown in blue, from
the wild-type are in gray. The 4-CP-CoA is shown in brown. The residue of Lys519 in wild-type enzyme
was shown in dark green, while the corresponding amino acid replacements were shown in orange for (A)
Lys519Arg; (B) Lys519Ala.
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CHAPTER IV
FURTHER INVESTIGATION OF THE ROLE OF A CONSERVED TRP IN
ACETYL-COENZYME A SYNTHETASE

I. ABSTRACT
Methanosaeta and Methanosarcina are the only two known genera that are able to
utilize acetate as a substrate for methanogenesis. Methanosaeta are widely distributed in
nature, and due to their high affinity for acetate prevail over Methanosarcina in the low
acetate environments of rice paddies and anaerobic waste digestors, both major sources
of biogenic methane. Unlike Methanosarcina which utilizes the acetate kinasephosphotransacetylase pathway to activate acetate to acetyl-CoA in the first step of the
methanogenesis, Methanosaeta employ AMP-forming acetyl-CoA synthetase (Acs). Five
Acs-encoding genes in total were identified in Methanosaeta concilii and three have been
kinetically characterized previously. Here we describe the characterization of Ms. concilii
Acs4, which showed very little to no acyl-CoA synthetase/acyl-adenylate synthetase
activities. The Trp416 in Methanothermobacter thermautotrophicus Acs1 (Acs1Mt), which
was shown to act as the “back” of the acyl substrate binding pocket to determine the acyl
substrate utilization, was highly conserved in other Acs’s but replaced by Phe in Acs4Msc.
Characterization of the Acs4Msc Phe528Trp variant still showed undetectable acyl-CoA
synthetase/acyl-adenylate synthetase activity as the wild type enzyme. Furthermore, the
Acs1Mt Trp416Phe variant showed similar kinetic parameters for acyl-CoA synthetase
activity with either acetate or propionate; however, this variant released propionyl-

149

adenylate as a free product, suggesting that Acs1Mt have different interactions with
acetate and propionate and the benzoyl ring in Phe reduce the ability of the enzyme to
retain the propionyl-adenylate for the second-half thioester-forming step.
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II. INTRODUCTION
Methanogenesis, which is mediated by specific microbes known as ethanoarchaea,
is often the metabolic rate-limiting step of the global carbon cycle. Approximately twothirds of biologically produced methane released to the atmosphere each year is derived
from the methyl group of acetate (13). However, only two known genera,
Methanosarcina and Methanosaeta, are able to utilize acetate as a substrate for
methanogenesis. Additionally, Methanosaeta is a specialist that uses only acetate unlike
Methanosarcina, which prefers methylated compounds such as methanol and
methylamines to acetate. Due to the high affinity for acetate, Methanosaeta prevail over
Methanosarcina in the low acetate environments of rice paddies (6) and anaerobic waste
digesters (8), which are major sources of biogenic methane. Thus, Methanosaeta is likely
the predominant methane producer on earth (21).
Unlike Methanosarcina, which employs the combination of acetate kinase (AK)
and phosphotransacetylase (14) (18, 20), Methanosaeta utilizes AMP-forming acetylCoA synthetase (Acs) to catalyze the first step of methanogenesis, which is the activation
of acetate into acetyl-CoA. Studies on Methanothrix soehngenii and Methanosaeta
thermophila CALS-1 (formerly Methanothrix sp. strain CALS-1) supported the
utilization of Acs in Methanosaeta via purification and characterization of its activity (12,
25). AK and PTA activities were not detected in M. soehngenii (12) (Note: M. soehngenii
strain Opfikon was not renamed as Methanosaeta since it was possibly impure).
The completion of genome sequences of Methanosaeta thermophila and
Methanosaeta concilii suggested that genes encoding AK, PTA, and ADP-Acs are absent
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from these two species. Suprisingly, five acs genes were identified in Ms. concilii, four of
which are tandemly positioned. Similarly, in Ms. thermophila, four putative acs genes
were discovered, three of which are tandemly positioned (21). The first gene of the Ms.
concilii acs tandem repeats corresponds to the previously identified gene in M.
soehngenii (5). Phylogenetic analysis and gene organization of Acs indicates that the
closest homologs between Ms. concilii and Ms. thermophila generally align in the same
position within the tandem repeat (21).
Acs is widespread in all three domains of life and is the predominant enzyme for
activation of acetate to acetyl-CoA in two-step reaction mechanism via an enzyme-bound
acetyl-AMP intermediate (1-3, 27).
E + acetate + ATP  E + acetyl-AMP + PPi

[Eq.1a]

E•acetyl-AMP + HSCoA  E + acetyl-CoA + AMP

[Eq.2b]

Acs1 from Methanothermobacter thermautotrophicus (Acs1Mt) has been
characterized to show the strongest preference with acetate, and propionate is the only
other acyl substrate that can be used (10). Investigation of acetate binding pocket of
Acs1Mt suggested a residue Trp416 had an important role in determining substrate
specificity and utilization range. Replacement of this residue by Gly resulted in an
expanded acyl substrate binding pocket with highest preference to 4-methylvalerate
instead of acetate (11). Inspection of sequence alignment (Fig. 4.1) of Acs in
Methanosaeta demonstrated that Trp416 is highly conserved among Acs’s except for Ms.
concilli ACS4 (ACS4Msc) and Ms. thermophila ACS4 (ACS4Mst), which both have Phe at
the corresponding position. With respect to the other three residues that have also shown
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to be important in acetate binding and catalysis in Acs1Mt (11), Ile312, Thr313, and Val388,
are conserved among all nine Methanosaeta Acs’s (Fig. 4.1).
In order to understand why Ms. concilii may have five Acs encoding genes, all of
five Acs’sMsc have been heterologously produced in E. coli and purified. Activities of
Acs2Msc, Acs3Msc and Acs5Msc have been characterized and kinetic parameters have also
been determined (Ingram-Smith, C. et al. Unpublished data). In this chapter, I report the
characterization of recombinant Acs4Msc. Further investigation of Phe528 in Acs4Msc,
which corresponds to residue Trp416 in Acs1Mt is conducted. Additionally, the kinetic
characterization of the alteration of Trp416 in Acs1Mt to Phe is demonstrated here.
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III. EXPERIMENTAL PROCEDURES
1. Materials
Chemicals were purchased from VWR Scientific Products, Sigma
Chemical, or Fisher Scientific. Oligonucleotides for site-directed mutagenesis were
purchased from Integrated DNA Technologies (Coralville, Iowa).
2. Sequence Analysis of Acs
Acs sequences were aligned by Clustal X (26) using a Gonnet PAM 250 weight
matrix with a gap opening penalty of 10.0 and a gap extension penalty of 0.05.
3. Site-Directed Mutagenesis
Site-directed mutagenesis of the gene encoding Acs4Msc was performed using the
QuickChange site-directed mutagenesis kit (Stratagene) according to the manufacturer’s
instructions. Mutagenic primers were 30-40 nucleotides in length with the altered base
located at the middle of the sequence. The sequences of variants were confirmed by
Sanger-style sequencing at the Clemson University Genomics Institute (CUGI).
4. Heterologous Production and Purification of wild-type and variant enzymes
Wild-type Acs4Msc and Acs1Mt and their variants were heterologously produced in
Escherichia coli Rosetta Blue (DE3) (Novagen). Cells were grown at 37°C in LB
medium with 50 μg/ml ampicillin and 34 μg/ml chloramphenicol to an absorbance of 0.40.6 at 600 nm. Heterologous protein production was induced by the addition of IPTG to a
final concentration of 0.5 mM. Cells were incubated at 200 rpm overnight at ambient
temperature and harvested. Cells were suspended in ice-cold buffer 1 (25 mM Tris, 10%
glycerol, [pH 7.5]), disrupted by passing them twice through a French pressure cell at 138
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Mpa and the cell lysate was clarified by ultracentrifugation in a Beckman Ti45 rotor at
29,000 rpm for 2 hrs. The supernatant was applied to a 5 ml His-Trap HP column (GE
Healthcare) equilibrated with buffer A (25 mM Tris, 500 mM NaCl, 10% glycerol, 20
mM imidazole, [pH7.5]). After washing the column with buffer A to remove unbound
and weakly bound proteins, proteins were eluted using a linear gradient from 0 mM to
500 mM imidazole in buffer A. The electrophoretically pure protein was dialyzed against
buffer A (25 mM Tris, 10% glycerol, [pH 7.5]), concentrated and finally frozen at -20°C.
Activity was found to be stable for greater than 6 months at this temperature. Protein
concentrations were determined by the Bradford method (4) using bovine serum albumin
as standard.
5. Enzymatic Assays for Acs Activity
Enzymatic activity was determined by detecting the production of acyl-CoA or
acyl-adenylate using the hydroxamate reaction (15, 17), in which activated acyl groups
are converted to an acyl-hydroxamate and subsequently to a ferric hydroxamate complex
that can be detected spectrophotometrically at 540 nm. The standard reaction mixtures
contained 100 mM Tris [pH 7.5], 600 mM hydroxylamine-HCl [pH 7.0], and 2 mM
glutathione (reduced form) with varied concentrations of acyl substrate, MgCl2/ATP, and
in some cases CoA in a 300 μL reaction volume. The reactions were performed at 65°C
for Acs1Mt and its variant and 50°C for Acs4Msc and its variant and terminated by the
addition of two volumes of stop solution (1 N HCl, 5% trichloroacetic acid, 1.25% FeCl2).
To determine apparent kinetic parameters, the concentration of one substrate (acyl
substrate, MgCl2/ATP, or HSCoA) was varied and the other(s) held constant at saturating
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level (generally 5-10 times the Km for the substrate(s)). Concentrations for the varied
substrate generally ranged from 0.2 to 5-10 times the Km value and eight to ten
concentrations were used for each determination. [Note: In cases in which the acyl
substrate was dissolved in ethanol rather than water, the final concentration of ethanol in
the reaction was kept constant at 2%. This concentration of ethanol was determined to
have minimal effect on enzymatic activity (11)]. The apparent steady-state kinetic
parameters kcat and kcat/Km and their standard errors were determined using non-linear
regression to fit the data to the Michaelis-Menton equation using Kaleidagraph (Synergy
Software). The enzyme variants followed Michaelis-Menton kinetics for all substrates.
6. Assay for inorganic pyrophosphate production
Production of pyrophosphate was determined by direct reaction of PPi with
molybdate reagent to produce PPi-molybdate complex which can be measured at 580 nm
(16). Reactions (0.3 ml) contained 50 mM Tris-HCl [pH7.5], 4 mM MgCl2, 10 mM
dithiothreitol, and varied concentrations of acyl substrate, ATP and CoA. Reactions were
preincubated at 50°C for 5 min and initiated by addition of enzyme. After 10 min, the
reactions were terminated by the addition of 80 μl H2O, 50 μl 2.5% molybdate reagent
(2.5% ammonium molybdate in 5 N H2SO4), 50 μl 0.5 M 2-mercaptoethanol, and 20 μl
Eikonogen reagent (25 mM sodium sulfite, 13 mM 1-amino-2-naphthol-4-sulfonic acid,
963 mM sodium meta-bisulfite). After color development at RT for 10 min, the
absorbance at 580 nm was measured and PPi concentration was determined by
comparison to a PPi standard curve. All reactions were performed in triplicate.

156

IV. RESULTS
1. Characterization of the activities of Acs4Msc
Five putative Acs-encoding genes have been identified in the genome of Ms.
concilii (21). In order to understand the presence of multiple acs genes, all five ACSs
were heterologously produced in E. coli and purified through His-trap column
chromatography. The biochemical and kinetic parameters of Acs2Msc, Acs3Msc and
Acs5Msc have been previously characterized and shown to have the strongest preference
to acetate except for Acs5Msc, which displayed a 10-fold increase in Km value of acetate
(C. Ingram-Smith et al. Unpublished data). Here, biochemical characterization of
recombinant Acs4Msc will be reported.
Acs4Msc appears to be dimeric based on gel filtration analysis (C. Ingram-Smith et
al. Unpublished data). Characterization of recombinant Acs4Msc showed little to no acylCoA/acyl-adenylate synthetase activity. In the absence or presence of CoA, no enzymatic
activity of Acs4Msc was detected with a wide range of acyl substrates including straightchain from acetate to octanoate and branch-chain from 2-methylpropionate to 4methylvalerate. Likewise, no activity was detected with ATP, GTP, CTP, TTP, UTP, ITP
and ADP, and different metal ions including Mn2+, Zn2+, Ca2+, Co2+, Ni2+, and Cu2+ also
did not increase activity. No acetyl-CoA synthetase activity was detected using increasing
concentrations of acetate from 0.5 mM to 2 M, increasing MgATP concentrations from
0.1 mM to 50 mM, and increasing CoA concentrations from 0.1mM to 5 mM. Assay
temperatures from room temperature to 55°C or different pH conditions in a range from 6
to 8 also did not result in a significant change in the enzymatic activity of Acs4Msc.
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Finally, no release of PPi was found for Acs4Msc with acetate or propionate as acyl
substrate at increasing concentrations of CoA.
To further investigate the molecular basis for the inactivity of Acs4Msc, the
modeled structure of acetate binding pocket of Acs4Msc from Acs1Mt was inspected (Fig.
4.2). According to the structure and sequence alignment (Fig. 4.1), the acetate binding
pocket of Acs4Msc was well conserved as that previously defined in Acs1Mt except for one
amino acid substitution at Trp416 in Acs1Mt by Phe528 in Acs4Msc. In Acs1Mt, Trp416 has
been shown to play a critical role in determining acyl substrate utilization (11). This
residue is highly conserved in all Acs’s with the exception of Acs4Msc and Acs4Mst, which
have the Phe at the equivalent position (Fig. 4.1). Although a substitution of a Phe for a
Trp would normally be thought to be benign, the stringent conservation at this position
among other Acs’s (Fig. 4.1) suggests that such an alteration may account for the low
activity observed for Acs4Msc. Thus, the site-directed replacement of Phe528 in Acs4Msc by
Trp was made and the variant enzyme was expressed and purified. Characterization of the
activity of Phe528Trp Acs4Msc showed a similar result as for the wild-type enzyme in that
little to no activity was detected with different acyl substrates
(acetate/propionate/butyrate) in the absence or presence of CoA using hydroxamate assay
(data not shown).
2. Characterization of the wild-type Acs1Mt with His-tag
The wild-type Acs1Mt has been previously characterized (10). The recombinant
protein was purified through two chromatography steps including the Q-sepharose fastflow anion exchange column and the phenyl sepharose fast-flow hydrophobic interaction
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column. In order to make the purification procedure more efficient, the gene that encodes
Acs1Mt was cloned into a pET19b vector which adds an N-terminal His-tag. The
recombinant Acs1Mt was heterologously expressed in E. coli and purified through Histrap affinity chromatography. To investigate if the His-tag has an effect on the enzymatic
activity, the Acs1Mt with His-tag (Acs1Mt-HT) was kinetically characterized to determine
the substrate preference and utilization range (Table 4.1). The Acs1Mt-HT has the similar
catalytic ability, acyl substrate preference and utilization range as the untagged enzyme
(10). Acs1Mt-HT is able to utilize only acetate and propionate to display acyl-CoA
synthetase activity and with a stronger preference to acetate than to propionate. In
comparison to Acs1Mt without His-tag, the affinity of acetate for Acs1Mt-HT was slightly
decreased. The Km value for propionate for Acs1Mt-HT increased by 5-fold as compared
to the untagged enzyme. The kcat values of both acetate and propionate were also slightly
decreased in Acs1Mt-HT. Furthermore, the addition of His-tag to Acs1Mt did not change
the affinities of CoA and ATP (Table 4.1). Therefore, the presence of His-tag in purified
recombinant Acs1Mt had an insignificant effect on the catalytic ability of the enzyme.
3. Characterization of the Trp416Phe Acs1Mt variant
To further determine the impact of an alteration at the conserved Trp of the Acs in
acetate pocket, the Trp416Phe Acs1Mt variant was characterized and the kinetic parameters
of acetate and propionate for the variant were determined (Table 4.2). The Trp416Phe
Acs1Mt showed a strong acyl-CoA synthetase activity with a preference to acetate,
although it still was able to utilize propionate. Compared to the previous characterization
of Acs1Mt with His-tag (Table 4.1), the affinity of acetate and propionate was decreased
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by approximately 2- and 4-fold, respectively, in the variant of Trp416Phe. Additionally,
the kcat values of both acyl substrates for the variant were slightly reduced by 1.5-fold
(Table 4.2). Therefore, the overall catalytic efficiency (kcat/Km) of the Trp416Phe variant
displayed a significant decrease with propionate by 8-fold, whereas showed a slight
decrease with acetate by 2.5-fold, in relation to the wild-type enzyme (His-tag).
Although the Trp416Phe variant displayed acyl-CoA synthetase activity with a
lower catalytic ability than that of the wild-type Acs1Mt, surprisingly, the variant gained
another function of releasing acyl-adenylate intermediate as a free product with
propionate as the acyl substrate. In the absence of CoA, the Trp416Phe variant performed
acyl-adenylate synthetase activity with propionate. The kinetic constants of propionate
and ATP for the variant were determined (Table 4.3). Although there were slight changes
in turnover rate (kcat) of both propionate and ATP for the acyl-adenylate synthetase
reaction compared to the acyl-CoA synthetase reaction, the affinity of propionate was
increased approximately 20-fold for acyl-adenylate synthetase reaction in relation to acylCoA synthetase reaction for Trp416Phe variant. The Km for ATP was not greatly affected
for either acyl-adenylate synthetase or acyl-CoA synthetase reaction. These results
suggest that alteration of Trp416 by Phe in Acs1Mt changed the structure and volume of the
acyl substrate binding pocket such that it cannot retain propionyl-adenylate as well as the
wild type enzyme.
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V. DISCUSSION
1. Methanosaeta concilii has five Acs-encoding genes
The completion of M. concilii genome sequence revealed that there were five
Acs-encoding genes, four of which were tandemly positioned. Also, the genes encoding
Ack, Pta, and ADP-Acs were absent from M. concilii genome (21). The second, third and
fifth acs genes in M. concilii (Acs2Msc, Acs3Msc, Acs5Msc) have already been
characterized biochemically and kinetically (Ingram-Smith, C., Unpublished data). The
kinetic study showed that all of the three enzymes displayed the strongest acyl-CoA
synthetase activities with acetate. Recombinant Acs4Msc was heterologously expressed in
E. coli and purified through His-tag affinity chromatography. Acs4Msc displayed little to
no acyl-CoA and/or acyl-adenylate synthetase activities according to different enzymatic
assays at various conditions. Acs4Msc and Acs4Mst differ from other Acs’s in that they are
the only two with Phe in the position of the otherwise completely conserved Trp in the
acetate binding pocket (Trp416 in Acs1Mt).
2. The Trp416Phe in Acs1Mt made the enzyme to release propionyl-adenylate
The Trp416 residue in M. thermautotrophicus has been determined to play an
important role in acyl substrate utilization. An alteration to Gly expands the acyl binding
pocket in Acs1Mt and changed acyl substrate preference from acetate to 4-methylvalerate
(11). Upon inspection of the Sacs family sequences, this Trp residue was completely
conserved (11) with the exception of Acs4 from Methanosaeta concilii and Methanosaeta
thermophila (Fig. 4.1). However, the alteration to Phe at this position was observed in
Acs4Msc. The hypothesis that this amino acid substitution may account for the very low
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enzymatic activity for Acs4Msc was investigated. First, the Acs4Msc Phe528Trp variant
showed very little to no acyl-CoA synthetase or acyl-adenylate synthetase activity
similarly to the wild-type Acs4Msc. The reverse alteration Trp416Phe was performed in
Acs1Mt in order to see if this enzyme variant had the very low enzymatic activity similar
to that of Acs4Msc. Kinetic constants of the variant demonstrated that the acyl substrate
utilization and preference were not changed for the variant. The variant also did not
display a significant change in the kcat and Km values for either acetate or propionate.
However, one interesting finding was observed. The Trp416Phe variant was able to release
propionyl-adenylate in the absence of CoA. In comparison of the modeled acyl binding
pockets to between the wild-type Acs1Mt (11) and the Trp416Phe variant (C. Ingram-Smith
et al. Unpublished data), the replacement of the indole ring by the benzyl ring in the
variant did not appear to alter acetate orientation and binding which was consistent with
the kinetic results that the affinity of acetate was similar between the variant and the
wild-type Acs1Mt. The release of propionyl-adenylate as a free product in the Trp416Phe
variant suggested that Acs1Mt may have different interactions of the acyl substrate
binding pocket with either acetate or propionate, and the benzyl ring structure in Phe
residue may reduce the ability of the enzyme to retain propionyl-adenylate as well as the
wild-type Acs1Mt with Trp residue at the corresponding position.
3. The reason for little to no acyl-CoA synthetase or acyl-adenylate synthetase
activity of Acs4Msc remains unknown
The five Ms. concilii Acs’s share 54-85% identity. The Acs3Msc and Acs5Msc share
the highest identity percentage 85%, while the Acs4Msc had only ~ 55% identity
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percentage with other Acs’sMsc. Preliminary RT-PCR experiments failed to detect
expression of Acs4Msc encoding gene (C. Ingram-Smith et al. Unpublished data). One
possibility for the low enzymatic activity of Acs4Msc is that the Acs4Msc-encoding gene
may be a pseudogene with the least percent of identity to other Acs’s in Ms. concilii.
Posttranslational regulation by acetylation has been demonstrated in both
Salmonella enterica and Saccharomyces cerevisiae Acs (9, 19, 24). In S. enterica, Acs is
regulated by a Sir2-dependent protein acetylation/deacetylation system (22). The
acetylation of the conserved Lys609 catalyzed by Pat acetyltransferase (23) has been
shown to effectively block the first-half adenylation-forming step of the Acs reaction (22).
Removal of the acetyl group from acetylated Acs is catalyzed by CobB, a Sir2 ortholog
found in S. enterica (22). The presence of multiple Acs’s in M. concilii raises the
question that whether one or more of the Acs’s are regulated by acetylation. The very low
enzymatic activity observed for Acs4Msc suggested that the recombinant enzyme may be
posttranslational regulated by acetylation. Another possibility for this very low enzymatic
activity of Acs4Msc could be that it may function in regulating other Acs’s in M. concilii
by acting as the acetylase. BLAST searches of the M. concilii and M. thermophila
genomes also revealed that there are three ORFs with identity to the C-terminal GNAT
(GCN5-related N-acetyltransferase) functional domain of the S. enterica Pat (21). One
homolog had only the GNAT domain whereas the other two were two-domain proteins
with the C-terminal domain showing identity to GNAT and the N-terminal domain
having identity to acetyl-CoA hydrolase/acetate-CoA transferase family of enzymes.
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Therefore, Methanosaeta may employ a unique and a very complex mode of regulation
of its acs genes.
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VI. CONCLUSION
The recombinantly produced and purified Ms. concilii Acs4Msc displayed little to
no acyl-CoA synthetase/acyl-adenylate synthetase activities. The Phe528Trp variant of
Acs4Msc still showed undetectable acyl-CoA synthetase/acyl-adenylate synthetase
activities as the wild type enzyme. The Trp416 residue replaced by Phe in Acs1Mt did not
affect acetate binding and catalysis; however, this variant rendered the enzyme to release
the propionyl-adenylate as a free product without affecting the catalytic ability for
performing acyl-CoA synthetase activity with either acetate or propionate too much.
These results suggested that Acs1Mt had different interactions of acyl substrate binding
pocket with either acetate or propionate and benzyl ring in the Phe residue reduced the
ability of the enzyme to retain the propionyl-adenylate as an intermediate.
Characterization of Acs1Mt with His-tag showed similar kinetic constants of acetate and
propionate to the one without His-tag, indicating that the presence of His-tag did not
affect the catalytic ability of the Acs1Mt.
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Substrate

Acetate

ATP

CoA

Propionate

Enzyme

Km

kcat

kcat / Km

(mM)

(sec-1)

(sec-1 mM-1)

Acs1Mt

3.50 ± 0.10

65.40 ± 0.30

18.60 ± 0.50

Acs1Mt-HT

6.96 ± 0.04

37.48 ± 0.34

5.39 ± 0.04

Acs1Mt

3.30 ± 0.20

66.60 ± 0.90

20.20 ± 0.90

Acs1Mt-HT

12.07 ± 0.44

34.42 ± 0.66

2.85 ± 0.05

Acs1Mt

0.19 ± 0.003

81.60 ± 0.70

423.70 ± 4.70

Acs1Mt-HT

0.15 ± 0.005

32.11 ± 0.33

208.20 ± 4.69

Acs1Mt

36.50 ± 1.90

46.30 ± 0.70

1.30 ± 0.04

Acs1Mt-HT

180.85 ± 5.47

16.83 ± 0.04

0.09 ± 0.003

Table 4.1 The kinetic parameters of acyl-CoA synthetase activity in the wild-type Acs1Mt with N terminal
His-tag (Acs1Mt-HT). The kinetic parameters of the activity for the wild-type Acs1Mt without His-tag
determined by Ingram-Smith, C., et al. (14) is listed as a control.

Substrate

Enzyme

Km

kcat

kcat / Km

(mM)

(sec-1)

(sec-1 mM-1)

Acetate

W416F

11.94 ± 0.18

25.87 ± 0.41

2.17 ± 0.06

ATP

W416F

12.07 ± 0.44

34.42 ± 0.66

2.85 ± 0.05

CoA

W416F

0.15 ± 0.005

32.11 ± 0.33

208.20 ± 4.69

Propionate

W416F

180.85 ± 5.47

16.83 ± 0.04

0.09 ± 0.003

Table 4.2 The kinetic parameters of acyl-CoA synthetase activity in the variant of Trp416Phe in Acs1Mt.
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Substrate

Km

kcat

kcat / Km

(mM)

(sec-1)

(sec-1 mM-1)

Propionate

9.10 ± 0.05

44.97 ± 0.56

0.20 ± 0.004

ATP

10.92 ± 0.033

31.34 ± 0.05

3.48 ± 0.05

Table 4.3 The kinetic parameters for propionyl-adenylate synthetase activity of the variant of Trp416Phe in
Acs1Mt.
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MT-ACS1
MSC-ACS1
MSC-ACS2
MSC-ACS3
MSC-ACS4
MSC-ACS5
MST-ACS1
MST-ACS2
MST-ACS3
MST-ACS4
AF-ACS2

310
332
354
324
322
323
332
354
324
322
327

312/313
GWITGHSY
GWVTGHSY
GWITGHSY
GWITGHSY
GWITGHSY
GWITGHSY
GWVTGHSY
GWITGHSY
GWITGHSY
GWITGHSY
GWITGHSY

385
407
429
399
397
398
407
429
399
397
400

388
LGTVGEP
LGSVGEP
LGSVGEP
LASVGEP
MGSVGEA
LASVGEP
LGSVGEP
LGSVGEP
LASVGEP
MGSVGEA
IHSVGEP

412
434
456
426
424
425
434
456
426
424
429

416
IDTWWQTETGMHLIAP
MDTWWQTETGTFLNSP
MDTWWQTETGTFLVSP
IDTWWQTETGCHVIAP
MDTWFQSETCSQVIAP
MDTWWQTETGCHVVAP
MDTWWQTETGTFLNSP
MDTWWQTETGTFLVSP
IDTWWQTETGCHVIAP
MDTWFQSETCSQVIAP
SSTWWMTETGGMLTDH

Figure 4.1 Partial Acs/Sacs sequence alignment. Amino acid sequences were aligned using Clustal X (18).
The residues represented in the structure in Figure 4.2 are shown. The residues characterized to be
important in acyl substrate binding pocket of Acs1Mt and conserved in other Acs’s from Ms. concilii and Ms.
thermophila are shown in blue, the amino acid replacements of Trp416 in Acs1Mt by Phe528 in both Acs4Msc
and Acs4Mst are shown in red.

Figure 4.2 The putative acetate binding pocket of Acs4Msc (Ingram-Smith, C., et al. Unpublished data). The
Acs4Msc was modeled on the Acs1Mt structure, which is superimposed on the structure of S. enterica Acs
using Accelrys DS Modeler 1.1 and the image of the putative acyl substrate binding pocket was created
using DS ViewerPro 5.0. The propylphosphate group was shown in aqua. In Acs1Mt, Ile312 is shown in
green, Thr313 in purple, Val388 in red, and Trp416 in blue. All the residues marked in color are conserved in
Acs4Msc except for Phe528 (shown in blue) which is in replacement of Trp416 in Acs1Mt.
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CHAPTER V
CONCLUSION REMARKS AND FUTURE PROSPECTS

Medium-chain acyl-CoA synthetase identified from Methanosarcina acetivorans
(MacsMa) was characterized to catalyze acyl-CoA synthesis with preference for 2methylbutyrate in a two-step reaction similar to AMP-forming acetyl-CoA synthetase
(Acs). However, with propionate as acyl substrate, MacsMa released propionyl-AMP and
PPi in the absence of CoA; whereas in the presence of CoA, the propionyl-AMP
intermediate was converted to AMP and propionate and released along with PPi and
propionyl-CoA was not produced. MacsMa is the first enzyme in acyl-CoA synthetase
family discovered to be able to release acyl-adenylate with small acyl substrate. The
finding is significant in that MacsMa can be utilized to study both acyl-adenylate- forming
step and thioester-forming step of acyl-CoA synthetase reaction individually, which help
understand the two-step reaction of Acs and the small- and medium-chain acyl-CoA
synthetase (Sacs/Macs) family it belongs to.
Investigation of acyl substrate and CoA binding pockets in MacsMa revealed that
the enzyme had highly conserved binding pockets for acyl substrates and CoA.
Characterization of key amino acid residues involved in CoA binding in MacsMa
suggested that the enzyme had a similar CoA binding pocket as CBAL. Furthermore, 3'phosphate group of CoA is critical in CoA catalysis for MacsMa; however, Acs could
utilize 3'-dephospho CoA well although not as efficient as with CoA. Thus, MacsMa
differs from Acs in CoA binding and catalysis.
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The very low enzymatic activity observed for Acs4Msc raised several possibilities.
The first possibility is that the Acs4Msc-encoding gene may be a pseudogene with the least
percent of identity to other Acs’s in Ms. concilii. The second may be that the recombinant
enzyme is inactivated by acetylation by the E. coli ACS acetylase. The third possibility
may be that ACS4 requires a posttranslational modification for activity that does not
occur in recombinant production in E. coli. A final possibility would be that the Acs4Msc
may function in regulating other enzymatic activities of other Acs’s in Ms. concilii by
acting as the acetylase. Further experiments to investigate these three possibilities are
going to be conducted. Furthermore, Methanosaeta thermophila also contains four Acsencoding genes and Acs4 also has the least percent of identity to the other Acs’s.
Therefore, it is also worthwhile investigating the function of Acs4 in Ms. thermophila.
Overall, this study helps gain a better understanding of two-step reaction
enzymatic mechanism of Acs and the Sacs/Macs family. Future experiments on
characterizing the functions of Acs4Msc will help understand why Ms. concilii have five
Acs encoding genes and how they are regulated.
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The 2.1 Å crystal structure of an acyl-CoA
synthetase from Methanosarcina acetivorans
reveals an alternate acyl-binding pocket for
small branched acyl substrates
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ABSTRACT
The acyl-AMP forming family of adenylating
enzymes catalyze two-step reactions to activate
a carboxylate with the chemical energy derived
from ATP hydrolysis. X-ray crystal structures
have been determined for multiple members of
this family and, together with biochemical
studies, provide insights into the active site
and catalytic mechanisms used by these
enzymes. These studies have shown that the
enzymes use a domain rotation of 1408 to
reconfigure a single active site to catalyze the
two partial reactions. We present here the crystal structure of a new medium chain acyl-CoA
synthetase from Methanosarcina acetivorans.
The binding pocket for the three substrates is
analyzed, with many conserved residues present in the AMP binding pocket. The CoA binding pocket is compared to the pockets of both
acetyl-CoA synthetase and 4-chlorobenzoate:CoA ligase. Most interestingly, the acyl-binding
pocket of the new structure is compared with
other acyl- and aryl-CoA synthetases. A comparison of the acyl-binding pocket of the acylCoA synthetase from M. acetivorans with other
structures identifies a shallow pocket that is
used to bind the medium chain carboxylates.
These insights emphasize the high sequence
and structural diversity among this family in
the area of the acyl-binding pocket.
Proteins 2009; 77:685–698.
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INTRODUCTION
Enzyme ligases use the chemical energy derived from hydrolysis of
the phosphate esters of ATP to generate chemical bonds. We have
been studying a large family of acyl-AMP forming ligases that activate
a substrate carboxylate with ATP to form an acyl- or aryl-adenylate. In
a second enzymatic step, these enzymes catalyze the formation of a
thioester with CoA or the CoA derived pantetheine cofactor of an acyl
carrier protein. Work in our lab has recently demonstrated a novel
mechanism that these enzymes use to segregate kinetically and conformationally the activities of these two half-reactions.1–4 In this model,
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Abbreviations: AAE, acyl-adenylating enzyme from Methanosarcina acetivorans; Acs, acetyl-CoA synthetase; AMP, adenosine-50 -monophosphate; ATP, adenosine-5-triphosphate; CBAL, 4-chlorobenzoic
acid: CoA ligase; DhbE, 2,3-dihydroxybenzoate-activating E domain; fAcs, long chain fatty acyl-CoA
synthetase; HEPES, N-(2-hydroxyethyl)piperzine-N0 -2-ethanesulfonate; IMAC, immobilized metal-affinity chromatography; IPTG, isopropyl-b-D-thiogalactopyranoside; mAcs, medium chain acyl-CoA
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Scheme 1
Two step reaction catalyzed by the acyl-CoA synthetases.

the ping-pong catalytic mechanism uses domain rearrangements to isolate the two partial reactions.
The acyl-AMP forming superfamily of adenylating
enzymes can be divided into three sub-families, acyl- and
aryl-CoA synthetases, the adenylation domains of non-ribosomal peptide synthetases (NRPSs), and firefly luciferase enzymes.5–7 The first two sub-families are closely
related and catalyze the formation of a thioester between
the original carboxylate substrate and either CoA or the
pantetheine cofactor of an NRPS acyl carrier protein
(Scheme 1). The acyl- and aryl-CoA synthetase subfamily
is broadly reactive with a diverse array of organic acids,
ranging from small molecules like acetate and propionate
to larger fatty acids and aromatic compounds. In the
reaction catalyzed by firefly luciferase, the activated luciferyl-adenylate reacts in an oxidative decarboxylation
reaction to produce a high energy intermediate that
decomposes to yield a photon of light.8 Strengthening
the ties between the different sub-families, the luciferase
enzyme has been reported to catalyze the formation of
luciferyl-CoA.9
A number of crystal structures have been determined
for members of the adenylate-forming family of
enzymes.1,2,10–22 These structures have demonstrated
that the enzymes are composed of two domains, a larger
N-terminal domain and a smaller C-terminal domain.
Interestingly, these studies identified two catalytically relevant conformations, one for the first adenylation reaction, and a second conformation for the thioester-forming reaction. The two conformations differ by a 1408
domain rotation that occurs between the first and second
half-reactions. A conserved residue, either an aspartic
acid or less commonly a lysine, is present at the pivot
point between the two domains. This hinge residue
adopts alternate main chain torsion angles to accommodate the large conformational change. Our structural and
functional studies of 4-chlorobenzoyl-CoA ligase have
demonstrated that the rotation of the C-terminal domain
serves to remove from the active site several residues that
play catalytic roles in the initial adenylation reaction to
thereby avoid steric hindrance of the thioester-forming
reaction.3 Accompanying this removal of these residues,
the rotation of the C-terminal domain creates a binding
tunnel for the CoA pantetheine moiety.
The structures of these enzymes have allowed the characterization and prediction of the binding pocket of dif-
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ferent family members, most notably, the NRPS adenylation domains.23,24 Using several well-conserved sequences within the N-terminal domain as ‘‘anchor residues,’’
it is possible to identify the regions of the protein that
form the amino acyl-binding pocket in different family
members. A more elaborate computational approach
using support vector machines correlates well with these
earlier methods and extends the predictions to additional
NRPS adenylation domains.25 These studies have allowed
the prediction of enzyme specificity in certain instances26
yet the ultimate goal of engineering the complete synthesis of a novel peptide by altering the adenylation domain
specificity remains elusive. An important determinant in
predictions of NRPS adenylation domain activity is the
presence of a conserved aspartic acid residue that interacts with the amino group of the substrate amino acids.
Because of the fixed position of the carboxylate and the
a-amino group of the amino acid substrate, the side
chains of the L-amino acids are directed into a single
pocket composed of enzyme residues that are tailored for
the specific amino acid substrate.
Less well characterized are the binding pockets of acyland aryl-CoA synthetases, and thus, a protein sequence is
not sufficient to predict with certainty the specific activity. To date, structures have been determined for short
chain acyl-CoA synthetases,2,15,20 several aryl-CoA
synthetases (often called ligases),1,10 a medium chain
acyl-CoA synthetase,16 and a longer chain fatty acyl-CoA
synthetase.14 These structures have provided insights for
initial attempts at modulating substrate specificity.27
To provide further insight into this enzyme family, and
to allow a better understanding of the relationship
between acyl substrate specificity and the acyl-binding
pocket residues, Ingram-Smith et al. have recently cloned
a putative acyl-CoA synthetase from the methanoarchaeon Methanosarcina acetivorans and characterized the
catalytic preferences of this enzyme. This enzyme was analyzed for the formation of acyl-adenylates and acyl-CoA
thioesters with a panel of substrates. This analysis showed
that the enzyme is most active with propionate, butyrate,
and the branched analogs, 2-methyl-propionate, butyrate,
and pentanoate. The specific activity is weaker for
smaller or larger acids. Interestingly, with some substrates, the enzyme appears to release the acyl-adenylate
intermediate in the presence of CoA while the affinity of
the enzyme for some substrates causes the acyl-adenylate

Acyl Pockets in Acyl-CoA Synthetase

to be retained until CoA binds. The full functional characterization of this protein will be presented elsewhere
(C. Ingram-Smith, Y. Meng, L. L. Cooper, and K.S.
Smith, submitted).
We present here the three-dimensional structure of
this enzyme, solved by multi-wavelength anomalous dispersion phasing methods and refined against data to 2.1
Å resolution. This work identifies the active site residues
of this newly identified family member and demonstrates the architecture for the acyl-binding pocket. The
pocket of this acyl-CoA synthetase is shown to have a
cavity volume comparable to the enzyme 4-chlorobenzoyl-CoA ligase. The pocket, however, is much more
shallow in the current structure than the previously
observed acyl-binding pockets within this family. The
pocket of this enzyme is compared to the acyl-binding
pockets of previously characterized enzymes. The structural diversity of these active site residues are described
and emphasize the need for structural information to
enable the prediction of substrate specificity with the
acyl-CoA synthetases.

ting into liquid nitrogen.28 The yield of a purification
preparation of AAE was 15 mg/L of cell culture.
SeMet-labeled protein was produced using the T7
Express Crystal Competent E. coli cell line (New England-BioLabs, Beverly, MA). Briefly, a culture of cells was
grown overnight in 100 mL LB media. The cells were pelleted by centrifugation and resuspended in 100 mL M9
minimal media containing 0.1 mg/mL ampicillin. The
cells were used to inoculate two flasks containing 1 L of
M9 media and grown at 378C to an OD600 of 0.6. An
amino acid cocktail was added to a final concentration of
1 mg/mL each of lysine, threonine, and phenylalanine,
and 0.5 mg/mL each of leucine, isoleucine, and valine.
Cells were grown for 30 min and selenomethionine was
added to a final concentration of 0.05 mg/mL. Protein
expression was induced with 0.5 mM IPTG. Cell growth
continued overnight at 168C and cells were harvested by
centrifugation. Purification of SeMet-labeled protein was
performed as for wild-type cells. Using the alternate cell
line, a protein yield of 50 mg per L of cell culture was
concentrated to 6 mg/mL and stored at –808C for crystallization.

MATERIALS AND METHODS

Crystallization and data collection

Protein expression and purification

The AAE gene was amplified from genomic DNA from
M. acetivorans into pET19b plasmid using standard PCR
protocols. The encoded sequence is represented in the
Uniprot sequence database by accession number
Q8TLW1_METAC. The sequence in the plasmid initiates
at Met4 of the deposited sequence as this ATG codon
likely represents the physiological start of the protein.
The cDNA was ligated into the pET19b plasmid resulting
in the production of a protein containing the His10 purification tag and the enterokinase protease site. The tag
was left on for crystallization. The AAE protein was purified from E. coli RosettaBlue (DE3) cells requiring selection for both ampicillin and chloramphenicol resistance.
Cells were grown to an OD600 of  0.6 at 378C and protein production was induced overnight at 218C by adding
IPTG to a final concentration of 0.5 mM. Cells were harvested by centrifugation and frozen at 2808C. Cells were
thawed and lysed by sonication in lysis buffer containing
25 mM Tris-HCl (pH 7.5 at 48C), 10% glycerol, and
0.2 mM TCEP prior to loading onto the column. Histagged AAE was purified through IMAC chromatography
using 5 mL Ni21 HisTrap columns (GE Healthcare Life
Sciences,Piscataway, NJ). The column was washed with
lysis buffer containing 50 mM imidazole and the AAE
protein was eluted using lysis buffer with 300 mM imidazole. AAE fractions were pooled and dialyzed overnight
against 1 L 25 mM Tris-HCl (pH 7.5 at 48C), 20% glycerol, 0.5 mM EDTA, 0.2 mM TCEP and the protein was
concentrated to 10 mg/mL and frozen by directly pipet-

Crystallization conditions for AAE were originally identified by batch method using the high throughput-screening robot at the Hauptman-Woodward Medical Research
Institute.29 Crystals of AAE were grown by vapor diffusion using the hanging-drop method. Wild-type AAE protein was incubated in a 1:1 ratio with mother liquor at
room temperature using precipitant consisting of 80%
PEG 400, 100 mM Mg(NO3)26H2O, 50 mM HEPES (pH
7.5 at 48C). Selenomethionine-labeled protein crystals of
the same morphology were grown at 148C using a precipitant containing 50% PEG 400, 100 mM Mg(NO3)26H2O,
50 mM HEPES (pH 7.5 at 48C). The crystals were transferred to the mother liquor, which contained 80% PEG
400 as cryoprotectant and were cryo-cooled directly in the
stream of N2 gas at 21608C. Crystallographic data for
native and selenomethionine protein crystals were collected remotely at beamlines 11-1 and 9-1, respectively, at
the Stanford Synchrotron Radiation Laboratory (SSRL).30
Native crystals diffracted to 2.1 Å and the space group
determined was P212121.
Three-wavelength MAD data were collected. The detector was set at a distance of 370 mm and 100 frames of
data at 18 oscillation width and 5 s per frame were collected at each wavelength. Data were integrated and
scaled using HKL2000.31 Final data collection statistics
are shown for the MAD and native data in Table I.
Structure determination and refinement

Attempts to solve the structure of AAE by molecular
replacement were unsuccessful, despite the use of multiPROTEINS
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Table I
Data Collection Statistics for the Three Wavelength SeMet and the
Native crystals
Peak
Wavelength ()
Resolution ()
Unit-cell parameters
a ()
b ()
c ()
Rmerge (%)a
Completeness (%)a
I/ra
No. of observations
No. of unique reflections
a

0.97894
2.4
90.4
96.2
140.5
10.3
98.8
10.6
184,432
47,673

Inflection

Remote

0.979
2.4

0.99
2.4

10.1
97.7
10.1
180,400
47,462

9.9
97.5
10.1
180,057
47,766

Native
0.988
2.1
91.7
96.4
141.5
8.2 (48.7)
99.9 (99.7)
9.4 (2.0)
334,108
72,781

Value in parenthesis is for the highest resolution shell (2.2–2.1 Å).

ple software packages and multiple search models,
including Acs (1PG4), CBAL (1TS5), fAcs (1V26), and
the NRPS adenylation domains (1AMU and 1MDB).
Where possible, we tested protein models in both the
adenylate- and thioester-forming conformations, as well
as a model consisting of only the larger N-terminal
domain. This difficulty with molecular replacement has
been observed by us and others with previous members
of the family and reflects the low sequence identity, often
in the range of 20–25%, as well as the structural variability between different family members.
The structure of AAE was therefore determined by
multi-wavelength anomalous dispersion using the selenomethionine-labeled protein. The protein crystallized in
the orthorhombic space group P212121. Matthews coefficient analysis suggested that there were two AAE molecules in the asymmetric unit (VM 5 2.4). The positions
of the selenium heavy atoms were determined using BnP
program.32 The SnB algorithm was able to identify 26
selenium atoms out of 28 and BnP was further used to
improve the final phases. The final phases from BnP
were imported into RESOLVE33 for additional solvent
flattening and automated chain tracing. RESOLVE was
able to identify a total of 680 residues (out of 1114 in
the asymmetric unit), however, only 63 were properly
assigned within the sequence. The molecular model was
built through extensive manual model building with
COOT.34 Once the same stretch of residues could be
identified in both chains, residues that were built into
one model were rotated into the other chain for assistance in building. An initial model was built into the
experimental map that contained 436 residues in each
chain. In this model, 337 residues were placed with side
chains, while 99 were included as polyalanine. This initial
model was submitted to REFMAC535,36 using data to
2.4 Å and refined to an R-factor of 41.2% (R-free of
46%). Continued iterative model building and refinement
allowed extension to include the higher resolution data
and completion of the model. The final model contains
residues 3–536 of chain A and 3–539 of chain B. Water
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molecules were placed using the find water option of
COOT and confirmed manually. In the final stages of
refinement, each N- and C-terminal domain was assigned
as a group for TLS anisotropic refinement,37 which
further reduced the Rfree.
Calculation and comparison of cavity volume

The cavity volumes within the acyl-binding pocket of
Acs2 (1PG4), fAcs14 (1V26), and CBAL3 (3CW9) were
compared to the acyl-binding pocket of AAE in thioesterforming conformation. The cavity size was analyzed using
VOIDOO38 with the probe radius of 1.2 Å,39 a primary
grid spacing of 0.5 Å, and remaining values as defaults.
The cavities were generated using the Probe-Occupied
option, which reports the volume of the cavity occupied by
a rolling probe. The resulting cavities were observed via
PyMOL.40 If present, the acyl ligand was removed from
the file prior to cavity calculation, however, the remaining
ligands, CoA and AMP, were left intact. To determine the
size of the pocket for AAE, AMP and CoA were modeled
into their respective binding pockets from a superposition
of Acs onto AAE to allow determination of the size of acyl
pocket alone and not the size of the combined acyl-adenylate or acyl thioester pockets. Two additional water
molecules were added into the structure of AAE for this
calculation to avoid what has been referred to as the
‘‘leaking effect’’41 where the cavity recognized by
VOIDOO merges into adjacent areas.
Nano-LC/MS protein sequencing

The protocol for sequencing the AAE protein by highresolution nano-LC coupled with mass spectrometry is
described in detail in the supplemental material. Briefly,
the AAE protein was incubated with 1 mM TCEP-HCl
and 50 mM iodoacetamide and subsequently digested
with trypsin or the Glu-C endoproteinase. The proteolytic peptides were separated by nano-liquid chromatography on a reversed phase C18 nano-column and
identified using a Thermofisher LTQ/Orbitrap high-resolution mass spectrometer. Additional experimental
details, as well as sequence coverage (Fig. S1) and the
spectra of the relevant peptides (Fig. S2), are included in
the supplemental material.
Sequence alignment and superposition of
structures

The sequence of the N-terminal domain of AAE was
aligned with the sequence of the same region from Acs,
fAcs, BzCL, and CBAL to compare the acyl-binding
pockets. A multiple sequence alignment was prepared initially using ClustalW.42,43 As many alignments based on
sequence alone are challenged by the proper placement
of loops and insertions, the protein structures were then
manually inspected and the alignment was modified to

Acyl Pockets in Acyl-CoA Synthetase

present a proper structural alignment. The coordinates of
Acs, CBAL, fAcs, and AAE were superposed using
LSQKAB44 within CCP4 suite35 for structure comparison. Figures 1–5 were made with PYMOL.40
RESULTS AND DISCUSSION
Overall structure description

The three-dimensional crystal structure of the 557 residue AAE protein was solved by MAD phasing of selenomethionine-labeled protein. The heavy atom substructure
was determined and experimental phases were used for
model building. The protein crystallized in the orthorhombic space group P212121 with two molecules of AAE
in the asymmetric unit. The AAE protein runs on a size
exclusion chromatography column as a monomer and
the two molecules in the asymmetric unit do not interact
with a significant interface.
The final model contains residues 3–536 in molecule A
and 3–539 in molecule B. The C-terminal helix observed
in some members of the adenylate-forming family of
enzymes was disordered in the AAE structure. Weak
density was observed for several residues of this C-terminal region of chain B, however, it could not be placed
within the sequence and, when refined as polyalanine,
the B-factors were significantly higher than observed in
other regions of the protein. As such, this region was left
out of the final model. Iterative cycles of refinement were
performed against the 2.1 Å data obtained from crystals
of wild-type AAE protein. The final model contains 1079
protein residues, 407 water molecules, three molecules of
the HEPES buffer, five molecules of PEG, two solvated
Mg21 ions, two NO3 ions, and six molecules of glycerol.
The ordered PEG molecules were modeled as three molecules containing three ethylene glycol units and two
molecules containing five ethylene glycol units. These are
likely part of longer PEG molecules with disordered
ends. Interestingly, one of the PEG molecules partially
fills the active site of the enzyme passing from the pantetheine channel into the acyl-binding pocket and into the
nucleotide pocket in both molecules. Crystallographic
data and final refinement statistics against the high-resolution synchrotron data are presented in Tables I and II.
Representative experimental electron density is shown
in Figure 1. Before we describe the AAE protein, we note
an interesting feature in the electron density that we characterized further. In both the MAD and native refinement
maps, continuous density was observed between the side
chains of Cys298 and Lys256 [Fig. 1(B)]; attempts to
model this density as cysteine sulfenic acid (amino acid
S
OH), mercaptocysteine (CH2
side chain 
CH2
SSH), or as a metal ion did not refine satisfactorily.
Inspection of the electron density and trial refinements
suggested that the density was most consistent with a
covalent cross-link that was formed by a formylated

Table II
Refinement Statistics
Resolution range
Rcryst
Rcryst (highest resolution shell)
Rfree
Rfree (highest resolution shell)
Wilson B factor (3)
Average B factora, chain A (3), number of atoms
Average B factora, chain B (3), number of atoms
Average B factor, solvent (3), number of atoms
Average B factor, additives (3), number of atoms
Average B factor, ions (3), number of atoms
R.M.S. deviations
Bond lengths ()
Angles (8)

40.0–2.1 
17.5 %
19.9 %
20.7 %
24.1 %
28.7
28.4, 4191
26.7, 4226
36.9, 430
44.9, 149
40.2, 10
0.01
1.2

a

B-factors were calculated before the inclusion of TLS refinement as refinement
was nearly complete.

Lys256 side chain that was then attacked by the Cys298
thiol to form either a thiocarbamate or thiouronium linkage [Fig. 1(C)]. To our knowledge, no such cross-link has
been observed between protein side chains in a protein
crystal structure, however, a chemical precedent for the
thiouronium linkage exists in the pentein superfamily of
enzymes. Members of this family45,46 use a nucleophilic
active site cysteine to attack the guanidino group of the
arginine substrate to form a thiouronium linkage. This intermediate then reacts further to catalyze a variety of steps
in the arginine degradative pathway.
We investigated whether this cross-link exists in the
native protein prior to crystallization or whether this was a
potential consequence of the diffraction experiment. The
native AAE protein was subjected to a nano-LC/MS based
protein-sequencing strategy. Stringent filtering approaches
in conjunction with high mass accuracy (2 ppm)
achieved by Orbitrap, resulted in highly confident identification. By combining the identified proteolytic peptides
from trypsin and Glu-C proteases, 94% sequence coverage
was achieved (Fig. S1). The proteolytic peptides containing
Lys256 and Cys298 were identified with high confidence.
Identification spectra are shown in Figure S2. We were
concerned that the reductive alkylation of the sample necessary to prevent disulfide formation and to achieve high
coverage of proteolytic fragments could cleave the putative
linkage. The thiouronium linkage has, however, been
shown to be stable to reductive alkylation.45 In arginine
deiminase, the covalent substrate-enzyme intermediate
was identified through MS/MS peptide sequencing that
showed the thiouronium species present after alkylation.
Indeed, in one peptide, the thiouronium adduct and an
alkylated cysteine are both clearly identified on two
neighboring cysteine residues.45 Additionally, it has been
shown that the formation of the thiouronium linkage in
dimethylarginase prevents inactivation by iodoacetamide
demonstrating that iodoacetamide cannot displace the
thiouronium.47
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Figure 1
Structure determination of AAE. (A) Stereorepresentative electron density is shown for the experimental, solvent-flattened phases. A region of the
final N-terminal domain is shown superimposed on map calculated with coefficients and phases derived from RESOLVE. Carbon atoms are shown
yellow, oxygens are shown red, nitrogens are blue, and sulfur atoms are shown orange. The map is contoured at 1 r. Because of slight differences
in the native and MAD crystal packing, the final model was superimposed on the original coordinate file with LSQKAB.44 (B) Refined electron
density map generated with final calculated phases and coefficients of the form 2Fo-Fc and contoured at 1.25 r. Superimposed on the map is the
final refined model colored as in panel A. The atoms that form the observed linkage between Lys256 and Cys298 are colored green indicating that
their exact composition is unknown. (C) Potential chemical structures of the linkage between Lys256 and Cys298 observed in the native structure.

The fact that the ‘‘free’’ proteolytic peptides (i.e., those
containing only one amino acid backbone) containing
these residues were identified suggests that the covalent
linkage observed in the electron density does not exist in
the native protein preparation and that the cross-link
was a radiation induced event and is not an intrinsic
part of the native protein. We cannot, however, rule out
the possibility that the native protein preparation is a
mixture of cross-linked protein and protein containing
free side chains and that the chemical cross-link was not
identified in the mass spectrometry experiment. Addi-
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tionally, it is possible that the covalent cross-link formed
during the several weeks that the protein was incubated
in the crystallization experiment. We also note that we
compared the sequences of related proteins in PFAM
0050148 for the presence of a lysine and cysteine residue
at equivalent positions. Of 400 diversely representative
sequences, there were only three other proteins containing both the lysine and cysteine residues, including a murine medium chain acyl-CoA synthetase, and putative
acyl-CoA synthetases from Archaeoglobus fulgidus and
Streptomyces coelicolor.

Acyl Pockets in Acyl-CoA Synthetase

Figure 2
Ribbon diagram representing the AAE crystal structure. The large, Nterminal domain is shown with yellow helices. The two central b-sheets
that form the core of this domain are shown in dark blue and light
blue, while the distorted b-sheet at the end of this domain is shown in
magenta. The C-terminal domain is shown in red. The active site,
positioned between the two domains, is indicated with an arrow.

The crystal structure of AAE (Fig. 2) illustrates a large
N-terminal domain that is formed by 10 a-helices and
two eight-stranded b-sheets followed by a distorted fourstranded sheet. The final 106 residues form a C-terminal
domain that begins with the anti-parallel loop at residue
453, followed by two a-helices and the final sheet of the
C-terminal domain. The final 21 (chain A) or 18 (chain
B) residues are disordered. The two molecules superimpose with LSQKAB44 with an RMS displacement
between Ca positions of 0.4 Å. The two molecules show
no significant differences; for subsequent analysis, we will
consider and discuss molecule A.
As noted earlier, enzymes within the adenylate-forming
family have been shown to adopt two different conformations. Biochemical and structural data3,4,20 support
the hypothesis that these enzymes catalyze the first
adenylation half-reaction and then rotate the C-terminal
domain by 1408 to a second conformation that is used
for CoA binding and catalysis of the thioester-forming
reaction. For purposes of discussion, the adenylate-forming conformation is referred to as ‘‘Conformation 1’’
while the thioester-forming conformation is referred to
as ‘‘Conformation 2.’’
Interestingly, the structure of AAE was determined in
the second, thioester-forming conformation in the absence of ligands. The structure is similar to prior adenylate-forming enzymes determined in this conformation

and a superposition was performed with 4-chlorobenzoyl-CoA ligase (CBAL, 3CW9), acetyl-CoA synthetase
(Acs, 1PG4), and the thermophilic fatty-acyl-CoA synthetase (fAcs, 1V26). The Ca positions of AAE and CBAL
superimpose with an RMS displacement of 1.9 Å over
346 residues, of AAE and Acs with an RMS displacement
of 1.5 Å over 292 amino acids, and of AAE and fAcs
with an RMS displacement of 1.8 Å over 294 residues.
We had originally proposed1,2 that the binding of
CoA was the trigger that caused the C-terminal domain
to rotation from the adenylate-forming conformation to
the thioester-forming conformation. This hypothesis was
based on the fact that the only structures determined in
the thioester-forming conformation contained CoA
bound reactions2,3 or were crystallized with CoA present
in solution, although not apparent in the density.14
Recently, the structure of DltA, a D-alanine:D-alanyl-carrier protein ligase that is involved in lipoteichoic acid
biosynthesis, was determined in the thioester-forming
conformation while bound only to AMP.22 Additionally,
a human medium chain acyl-CoA synthetase (mAcs) has
been structurally characterized in multiple states.16 This
protein was characterized in the thioester-forming conformation in both in the unliganded state as well as
bound to either AMP or CoA.
Thus, it appears that some members of the adenylateforming family, including the AAE enzyme described
here, adopt Conformation 2 in the absence of CoA.
Members of this family likely exist in an equilibrium
between these two states and the binding of ligands will
drive them into the conformation necessary for activity.
The factors that influence the crystallization of an unliganded protein in one conformation or the other are
likely to be complex. We have tried to correlate the
sequences and structures of multiple enzymes with the
crystallographic conformation that was observed but,
with the exception of the presence of a ligand, have been
unable to identify additional factors.
Analysis of AAE residues in the AMP
binding pocket

The active site of the adenylate-forming enzymes is
located at the interface between the two domains. The
acyl-binding pocket is located entirely within the N-terminal domain. The AMP binding pocket is positioned at
the interface with more residues from the N-terminal
domain contributing to binding. The CoA substrate
binding site, however, spans the two domains with the
CoA nucleotide positioned on the surface of the C-terminal domain and the pantetheine moiety passing between
the two domains to the acyl-binding pocket. Recent biochemical4,49 and structural3,16 analyses provide insights
into the catalytic mechanisms of this enzyme family.
To characterize and compare the amino acid residues
lining the active site in AAE with those shown to be
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Figure 3
Active site superpositions. (A) The adenylate binding pocket of AAE is shown in a stereorepresentation superimposed on the binding pocket
residues of CBAL (PDB 3CW9), along with the AMP molecule co-crystallized in the CBAL structure. AAE residues that form the AMP binding
pocket are shown in stick representation and are properly positioned to interact with a nucleotide. Atoms are colored gray (carbons), red (oxygens),
and blue (nitrogens) for the AAE protein. Atoms from the AMP of the CBAL structure are colored similarly, except the carbon atoms are shown
green and the phosphate atom is shown orange. The homologous CBAL residues, notably the P-loop residues Tyr160-Thr164, Ala280-Ala282,
Tyr304, Thr306, Thr307, Asp385, Arg400, and Asp402, are shown with a thin green line. (B) Overlay of the CoA binding pocket from CBAL with
AAE demonstrating the presence of the pantetheine tunnel and hydrophobic residues that may bind to adenine of CoA. The CoA molecule derived
from the CBAL structure is colored as the AMP ligand in panel A. Superimposed in green are CBAL residues Ser407, Trp440, and Phe473. Also,
present in the refined model of AAE is a molecule of HEPES (with carbon atoms displayed in pale yellow) and PEG (all atoms shown in yellow).
Coloring of atoms is the same as in panel A. Residue numbers reflect the numbering in AAE.

important for enzymatic activity of other family members,
the structure of AAE was superimposed on the structure
of CBAL3 bound to the inhibitor 4-chlorophenacyl-CoA
and AMP. We studied the amino acid residues that
surround the AMP nucleotide-binding site [Fig. 3(A)].
The well conserved Asp385 and Arg400 residues of
CBAL that interact with the ribose 20 and 30 hydroxyls of
AMP were found to be present in the AAE structure at
Asp435 and Arg450 preceding the hinge at Asp452. These
residues have been demonstrated to be important for
AMP binding in CBAL where a mutation of either to alanine impairs the reaction by reducing the activity several
100-fold.4 Residues Gly281, Ala282, Thr283, and Tyr304
in CBAL, which surround the adenine ring, are found to
be substituted in the AAE structure with Gly327, Glu328,
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Pro329, and the aromatic side chain Phe350, which is
positioned to stack against the adenine ring in the similar
manner as in Tyr304 in CBAL. Thr353 and Ser210, homologs of CBAL residues Thr307 and Thr161, are also
appropriately positioned to interact with the nucleotide.
Ser210 is a part of a highly conserved glycine- and serine/
threonine-rich sequence that we and others have compared to the P-loop of other ATP binding proteins.2,22
The ATP binding pocket of AAE thus seems well conserved with other members of the adenylate-forming
family. These residues, which are conserved at the level of
structure, are used below to perform the structural
alignment.
Two recent structural studies mentioned earlier provide
exciting new information about the ATP binding pocket
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and the interaction of the P-loop with ATP. New structures of the medium chain acyl-CoA synthetase16 and of
DltA19 were determined bound to the ATP in a productive interaction. These structures provide insights into
the interactions between the conserved residues of the Ploop with ATP and also suggest that the universally conserved catalytic lysine of the C-terminal domain appears
to interact with multiple negatively charged groups of the
reactants and intermediates during the catalytic cycle.
Additionally, these structures raise the intriguing possibility of a preliminary binding mode for ATP.19
Analysis of AAE residues in the CoA
binding pocket

The crystal structures of Acs, mAcs, and CBAL have all
been determined bound to CoA or a CoA-adduct.2,3,16
The CoA binding site is composed of a nucleotide binding pocket on the surface of the protein and a ‘‘pantetheine tunnel’’ that passes between the two domains and
enters the mostly buried active site. Interestingly, the
three proteins exhibit distinct CoA nucleotide binding
pockets with the nucleotide interacting mostly with the
N-terminal domain in Acs and mAcs, and primarily with
the C-terminal domain in CBAL. The positions of the
CoA nucleotide in Acs and mAcs differ by 8–10 Å.
The pantetheine tunnel of AAE is well conserved in
structure, passing between the loops consisting of
Ala250-Lys256, Ala299-Ile303, and Ser458-Lys461 [Fig.
3(B)]. At the level of sequence identity, however, there is
limited conservation around this region of the protein. A
stringently conserved glycine residue (Gly 459) is present
on the loop that follows the hinge (Asp452) for the
conformational change in the C-terminal domain. This
glycine is present in all members of the adenylate-forming family. Site-directed mutagenesis of this glycine
(Gly524 in Acs) to leucine20 compromises the thioesterforming reaction specifically. Interestingly, the lower
region of the pantetheine tunnel in AAE contains a PEG
molecule that approximates the position of the cysteamine moiety of the CoA ligand. The oxygens of the
PEG molecule [Fig. 3(B)] do not appear to hydrogen
bond with the protein atoms in any of the interactions
that have been observed in the structures of Acs and
CBAL. The PEG spans the different binding pockets and
does not appear to serve as a functional mimic of the
pantetheine or any of other ligands.
The structure of AAE was compared to the homologous enzymes to characterize how the CoA nucleotide
would bind in AAE [Fig. 3(B)]. In the structure of
CBAL,3 two aromatic residues from the C-terminal domain form stacking interactions with the adenine moiety
of CoA. The Phe473 residue of CBAL is conserved in
AAE with Tyr525, while Trp440 of CBAL is replaced with
Arg490. Interestingly, an aromatic residue from an adjacent loop, Tyr460, is positioned near the modeled CoA

nucleotide of the superimposed structure, and thus, may
substitute for Trp440. AAE may bind CoA in a binding
mode similar to CBAL, however, additional structural
and kinetic experiments will be necessary to identify the
true binding interactions.
Conformational change and catalysis

Extensive kinetic analysis4,49 of CBAL strongly supports the domain alternation hypothesis, namely that the
adenylation partial reaction is carried out using Conformation 1 and the thioesterifcation partial reaction is catalyzed using Conformation 2. Additional kinetic evidence
exists for Acs20 and luciferase.50–52 It has, however,
been suggested that other members of this family can
catalyze both partial reactions in either of the alternate
conformations.14,53
As we3,4 and others16 have noted, Conformation 2 is
unable to bind to ATP in a productive manner because
of a steric clash between a C-terminal region of the protein and the triphosphate moiety of the nucleotide. This
demonstrates that PPi must be released prior to, or coincident with, the domain rotation from Conformation 1
to Conformation 2. Similarly, a conserved aromatic residue (Trp254 in AAE, His207 in CBAL) has been shown
to rotate between two positions in the alternate conformations. In Conformation 1 it is positioned near the
substrate carboxylate where it prevents access of the CoA
thiol. Thus, CoA is unable to bind productively to Conformation 1, also supporting the structural segregation of
the two partial reactions.
We believe that the cumulative structural and biochemical evidence supports the domain alternation
hypothesis and believe it is likely to be valid for the full
enzyme family, including AAE. The strong conservation
of residues on both faces of the mobile C-terminal domain therefore seems to support the ability of the two
known conformations to catalyze only one of the two
specific partial reactions. All members of the family contain a C-terminal lysine (Lys544 in AAE) that is responsible4,20,51,54,55 for the adenylation partial reaction as
well as a universally conserved glycine residue (Gly459 in
AAE) that is necessary to open the pantetheine tunnel in
the thioester-forming conformation.3,20 Additionally, we
have recently demonstrated that the mutation of the
hinge residue of CBAL to a proline severely compromises
its ability to rotate into the conformation necessary for
the thioester-forming reaction. The microscopic rate
constant for the adenylate-forming partial reaction is
reduced by a factor of three, while the rate of thioesterification reaction is reduced by four orders of magnitude.49
It is of course possible that the domain alternation
strategy will not be used by some members of the
enzyme superfamily. Examination of alternate proposals
will require that other family members are tested with
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both structural and functional studies. Additional mutagenesis studies are underway.
Analysis of acyl substrate binding pocket
in AAE

An acyl substrate-binding pocket is present in AAE
and, as noted earlier, is partially filled with a PEG molecule that is shared with the adjacent AMP and pantetheine binding sites. Superposition of AAE, Acs, and CBAL
allowed the identification of residues in AAE that form
the acyl substrate-binding pocket. Interestingly, Trp259 of
AAE truncates the acyl substrate-binding pocket [Figs.
3(B) and 4(A)] and forms a ‘‘floor’’ that prevents the
AAE enzyme from binding to larger acyl substrates. This
residue is positioned similarly to Trp414 of Acs [Fig.
4(B)], although the two residues derive from opposite
sides of the active site. Additional residues that form the
pocket in AAE include Gly255-Lys256, Ala326-Gly327,
Gly351, and the main chain backbone of Gln352 and
Thr353. Because Trp259 of AAE and Trp414 of Acs form
a similar base of the acyl substrate pocket, we looked for
amino acid substitutions that would allow AAE to
accommodate the larger acyl substrates. Of particular
note, two residues in Acs that form the acetate pocket,
Val310 and Val386, are both replaced with smaller residues, Gly255 and Ala326 in AAE. Additionally, Thr311 of
Acs is replaced with Lys256 in AAE, a larger residue. It is
difficult to identify conclusively the role of this residue in
the active site as the Lys256 side chain is pulled away
from the acyl-binding pocket by its interaction with the
side chain of Cys298. The replacement of several residues
from Acs with smaller residues in AAE likely accounts
for the preference for larger acyl substrates in AAE.
To analyze more rigorously the acyl substrate-binding
pocket of AAE, we used VOIDOO38 to measure the
volume of the acyl substrate cavity and compared this to
the values obtained from the structures of CBAL, Acs,
and fAcs.
We compared AAE to the structures of Acs (1PG4),
fAcs (1V26), and CBAL (3CW9). If necessary, the bound
carboxylate substrate was removed from the active site.
The observed pocket sizes for Acs, CBAL, and fAcs are
72 Å3, 147 Å3, and 365 Å3, respectively (Fig. 4). The volume of the pocket for the AAE acyl-binding pocket is
138 Å3, approximately the size of the binding pocket in
CBAL. The binding pocket for AAE is not as deep as
that observed in CBAL but rather is wider, a result of the
presence of Trp259 that truncates the binding pocket and
the replacement of several side chains with Gly255 and
Ala326, as described earlier.
The residues identified in VOIDOO as forming the
binding pocket in AAE are Trp237, Gly255, Lys256,
Trp259, Ala326, Thr353, and the main chain backbone of
Gly349-Gln352. These new binding residues are distinct
from the pockets identified previously, and provide more
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Figure 4
The acyl- and aryl-binding pockets, calculated with VOIDOO, of several
adenylate-forming enzymes. Stereorepresentations of the binding
pockets are shown for (A) AAE, (B) Acs, (C) CBAL, and (D) fAcs. The
protein backbone surrounding the binding pocket is shown, as are
residue side chains that contact the binding pocket. The ligands are
shown in ball-in-stick representation with AMP or the acyl-adenylate
shown in dark blue and regions of the pantetheine of CoA shown in
green. In panel A, the AMP and CoA ligands were modeled from PDB
1PG4 as described in the methods. In panel C, the 4-chlorophenacylCoA molecule is shown in green. Glycine residues, lacking a side chain,
are shown as spheres denoting the Ca position: Gly255 and Gly351 of
AAE, Gly387 of Acs, Gly281of CBAL, and Gly301 of fACS. The binding
pockets were identified with VOIDOO as described in the text.

insights into the acyl- and aryl-binding pockets of members of the adenylate-forming family.
We then created a structure based alignment of the core
of the N-terminal domains to analyze the residues that
form the pockets in the five structurally characterized
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Figure 5
Alignments of superfamily members. (A) Multiple sequence alignment of AAE from M. acetivorans, BzCL from Burkholderia xenovorans LB400
(2V7B), Acs from Salmonella enterica (1PG4), fAcs from T. thermophilus (1v25), and CBAL from Alcaligenes sp. (1CW9), showing the amino acid
residues lining the acyl-binding pocket region. The alignment was manually adjusted to preserve the structural basis for the alignment. Residues
that are conserved in all five proteins are highlighted with an asterisk. The six regions in red are well-conserved structurally and served as constant
regions to define the alignment with LSQKAB. The phosphate binding loop is highlighted in purple. The three regions that are defined in
yellow form the acyl- and aryl-binding pockets of these enzymes. Residues that contribute side chains to the pockets are shown in blue.
(B) Stereorepresentation of the acyl- and aryl-binding pockets of the acyl-CoA synthetases. AAE is depicted in red, CBAL in light blue, Acs in
orange, and fAcs is shown in slate gray. The six structurally conserved regions noted in red in the sequence alignment and discussed in the text are
indicated with (1)–(6). The Ca positions of the AAE enzyme from these six residues are shown with black spheres. The active site shows the AMP
or adenylate from the three liganded structures. The structural deviation of the three regions that form the acyl pockets are labeled using the AAE
numbering: Gly229-Trp237, Trp254-Leu262, and Thr353-Thr358.

acyl- and aryl-CoA synthetases: acetyl-CoA synthetase,
Acs2; 4-chlorobenzoyl-CoA ligase, CBAL1,3; benzoyl-CoA
ligase, BzCL10; and the fatty acyl-CoA synthetase from
Thermus thermophilus HB8, fAcs.14 We used LSQKAB44
with six regions of the N-terminal domain that are structurally conserved in the entire family. These regions of the
proteins interact with the ATP in a highly conserved manner. The residues used in the alignment are shown in red
in Figure 5(A) and include: (1) Pro217-Met219, located at
the end of the P-loop region that binds the ATP phosphates. (2) Gly253-Trp254. The position of Trp254 is
always conserved as an aromatic side chain and we have

noted3,4 that it exhibits a side chain torsional rotation
around the v1 bond between the two conformational
states. (3) Gly327-Pro329, three residues that form a
planar lid that stacks against the adenine ring. (4) Phe350Glu354, a conserved motif of uGxTE, where u is an aromatic residue that stacks against the adenine ring and the
Glu has been shown to coordinate the Mg21 ion that
binds with ATP.12 (5) Gly434-Met436, residues that
include the universally conserved aspartate that interacts
with the ribose hydroxyls. (6) Gly449-Ala451, a final motif
that contains a universally conserved Arg residue that
interacts with the ribose hydroxyls as well. These six
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regions, in particular regions two and four, will be discussed in greater detail below.
Using these well-conserved residues to anchor the
alignment, we then modified the strict sequence alignment generated with CLUSTALW42,43 to produce an
accurate structure based alignment [Fig. 5(A)]. This
sequence alignment and the structural comparison
[Fig. 5(B)] were carefully analyzed to note the distinctions between the acyl- and aryl-binding pockets of
different family members.
The structure-based sequence alignment illustrates the
extremely limited sequence conservation within this
region of the protein. This stretch of 250 residues that
forms the core of the large N-terminal domain contains
only 14 residues (5%) that are present in all five proteins.
Loosening the criteria to search for residues that are conserved in four of the five proteins, an additional 18 residues are identified, bringing the total conserved residues
to 32 (11.5%). This demonstrates the extreme divergence
between the sequences of different family members. This
has greatly hindered efforts at deriving sequence-based
predictions of substrate specificity and also of determining structures by molecular replacement, a more practical
consideration.
The regions that form the acyl-binding pocket are
located on three regions of the protein that are highlighted in yellow in the sequence alignment [Fig. 5(A)].
The first is a helix that follows the P-loop and is located
in AAE at residues Gly229-Trp237. The second region is
a mostly helical stretch that is located after the aromatic
residue at position Trp254 in AAE. The final stretch of
residues that form the acyl-binding pocket are on the
two strands that surround the conserved Mg21 binding
loop at position Thr353 and Glu354 in AAE.
Analysis of the primary sequence of these three regions
shows that there is not a single uniformly conserved residue within these three regions of the protein. This divergence makes it difficult to properly align the different
regions. Surprisingly, comparing the sequences from bacterial Acs2 and the Acs enzyme from yeast15 shows that
only 10 of the 23 residues in these regions are conserved
(not shown). Also apparent from the alignment is that
these regions of the protein contain several interruptions
and deviations from standard secondary structural elements. For example, the fatty acyl-CoA synthetase (fAcs)
begins the helix at region 2 with five residues (Val231Cys235) that adopt a single turn of a left-handed a-helix
before adopting a standard helix beginning at residue
Leu236. The helices of the other proteins, although all
initiating at the aromatic residue of region 2, differ in
orientation by as much as 208 resulting in an overall
increase or decrease in the size of the cavity. Additionally,
in three of the proteins, AAE, Acs, and BzCL, contain
altered backbone torsion angles at several positions in
the helix. The presence of Pro247 in BzCL, for example,
disrupts the angles between Gly243 and Leu244 one turn
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higher on the helix. A similar effect is seen in Acs where
the proline at position 320 alters the torsion angles at
Tyr315 and Leu316. In AAE, Gln265 inserts into the axis
of the helix to disrupt the hydrogen bonding and torsion
angles at Gly260 and Lys261.
An insertion is also apparent at the strand that follows
the region of the protein that coordinates the Mg21 ion
(region 4). BzCL, Acs, and fAcs all contain an extra residue (Fig. 5) compared to AAE or CBAL. This insertion
does not appear to impact the small acyl-binding pocket
of Acs, however, it repositions His339 of BzCL, which
forms the base of the aryl-binding pocket, and Pro331
and Val332 of fAcs, which also contribute to the pocket.
It is noteworthy that, because of the sequence divergence,
there is no clear way to predict whether the insertion will
be present or not, and therefore, it is difficult to identify
the residues from this region that form the acyl pocket.
A comparison of the binding pockets of AAE and Acs
(Fig. 4) shows an interesting feature. Both proteins contain a tryptophan residue that forms the ‘‘floor’’ of the
binding pocket. In Acs this residue is Trp414, a position
that is almost universally conserved as a Gly, as we have
noted before.1,2 Mutation of this Trp residue in the Acs
enzyme from M. thermautotrophicus to an alanine results
in a larger pocket that is able to accommodate acids as
large as heptanoate.27 The glycine residue in the proteins
with larger substrates opens the acyl-binding pocket to
allow it to project more deeply into the core of the Nterminal domain. AAE contains a glycine at the position
of Trp414 of Acs and would therefore be expected to
contain a deeper binding pocket. In contrast, as we have
noted earlier, the side chain of Trp259 is directed from
the opposite face of the active site to perform a similar
role of truncating the carboxylate pocket. Thus, it
appears that two different family members, Acs and AAE,
use the indole ring of a Trp from opposite sides of the
active site to form the base of the binding pocket, a
structural feature that would have been difficult to predict from sequence alignments alone.
As noted earlier, the acyl-binding pockets of the adenylation domains of the NRPS proteins have been carefully
analyzed and the homologous features in these pockets
have enabled the prediction of substrate specificity on
the basis of a series of residues that form a specificity
determining code.23,24 These studies were aided by the
relative uniformity of the binding pockets of the NRPS
adenylation domains. The amino acyl substrates for these
domains all contain the carboxylate, which is oriented
towards the a-phosphate of ATP, and the amino group,
which interacts with a conserved Asp residue. The conserved positioning of these two groups, bound to the tetrahedral a-carbon, directs the amino acid side chain
towards the base of this acyl pocket in all NRPS adenylation domains. The chemical properties of the amino acid
side chain then are complemented by the protein residues that form this pocket. In a more limited analysis of
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aryl acid adenylating enzymes, the structure of DhbE, a
self-standing adenylation domain that activates 2,3-dihydroxybenzoate, provided a modified specificity determining code through a comparison with other adenylation
domains that activate salicylic acid.17
In the acyl- and aryl-CoA synthetases, the lack of consistent chemical features on the chemically diverse alkyl
and aryl ligands may make the identification of a similar
specificity determining code more difficult. Our study
with AAE has demonstrated that enzymes in the broader
adenylate-forming family have more diverse acyl-binding
pockets and an analysis based primarily on sequence
alignment may not prove as useful in the prediction of
function of uncharacterized members of the family. Additional structures of proteins of this family and correlations with functional analyses will prove useful in the
prediction of substrate specificity.
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